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Abstract—Low temperature electrical cor 
in highly doped CdS samples having 1 
The 3c samples were found to have a lo 
265 V/cm to as high as 5500 V/cm dependir 
the conductivity was concluded to be of thi 


4-2°K was found to be less than 0°03 e1 


crease markedly as the applied electri 
4] 


impurity photoconductivity effect with < 1X11 


INTRODUCTION 


WITH DUE regard for its larger energy gap anc 
relatively poor knowledge of and control ov 


1] 


impurity content, there should be a parallel 


tween many of the low temperature properties of 
CdS and those of germanium and silicon. In 
1 with 


the 
present work, CdS crystals heavily dopec 
n-type impurities were used. It was foun 
analogy with effects found in germaniun 


silicon, that these crystals exhibited impuri 


band type conduction, low-field breakdown eff 
and impurity photoconductivity. In contrast 


it 


1 
. ae. 
conauctivit 


AK( 


germanium, it was found that the 
at 4:2°K at electric fields below 
field depended strongly upon the applied field; in 


several cases the conductivity increased by 


LOW! 


the bre 


orders of magnitude before the breakdown 
was reached. 
DESCRIPTION OF SAMPLES 
The samples used in this work were grown by 
the method described by BisHop and LiEBson 
While the crystals were not intentionally doped, 
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* A preliminary report on this work was presented at 
the meeting of the American Physical Society in New 
York, January, 1960. 

A 


vity and photoconductivity effec 
perature resistivities 
breakdown effect at 
on the sample. At fields below 


mpurity band conduction type since the Ha 


num re 


[PERA'TURES* 
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ratory, Washington 25, D.( 


lugust 1960) 


} UW > IN i »J 
I ts were investigated 


in the range 0-08-15 ohm-cm 


“t electric fields which varied from 


the breakdown field, 


ll mobility at 
fields the conductivity was found to 


‘These crystals 


At thes« 


increased. were found to exhibit an 


ponse at 28 and a long-wave cut-off at 3 


the source of coping Was traced to halogen im- 


HeoS used. Changi a 


to more 
ighly ls. 
Therefore, although the nature of the impurities 


purities in the 9 


purified gas yielded insulating crysta 


is not known with certainty, it is probably mostly 
er halogens. 
evel of Cl in 


yased on resistance vs. tempera- 


Cl with smaller amounts of the ot 


reports the impurity energy | 
as 0-038 eV I 
ture measurements; in the present work a value of 
0-034 e\ 


The agreement between these values despite the 


BuBI 
CdS 


was found based on Hall measurements. 


difference in measurement methods and the 
different degree of d ping of the s imples is con- 


sistent with Cl being the major impurity in our 
n-yellow 
color that is usually associated with higl 
CdS. The temperature 
crystals was 0-08 
Using reasonable values of mobility, the resistivity 
values lead to Np—Ny values between 2x 104% 
and 8x 1017/cm’. One of the crystals was in- 


All 


with the 


samples. ‘The crystals have the same gree 
l-purity 
of the 
ohm-cm. 


room resistivity 


between and 15 


tentionally doped with silver after growth. 
the electrical measurements were made 
current direction parallel to the “‘c’’ axis unless 
otherwise mentioned. 

A Hall measurement was made on one sample 


between 4-:2° and 300°K. The mobility at 4-2°K 
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was found to be less than 0-03 cm?/volt-sec. 


The data was analyzed on the assumption that 


only one type of carrier was effective. For the sake 


of simplicity and also because the proper value 
of the multiplying factor is not known, the 
number of carriers, m, was taken as given by the 


equation, ” 1/(Ryec). The values obtained for 

















a 
(°K 
Fic. 1. Density of current carriers in the conduction 
band as a function of the reciprocal of the absolute 
temperature for a typical CdS crystal. 


n and the mobility are given in Figs. 1 and 2 
respectively. The determination of the impurity 
energy levels from a curve, such as shown in Fig. 
1, without having information on the number of 
acceptor impurities as well as the number of 
shallow donor impurities, i.e. impurities which 
are almost completely ionized in the temperature 
range of interest, is uncertain. This problem has 
been discussed widely in the standard works on 


semiconductors, for example in the books by 
SHOCKLEY®) and SmiTH™), In general if the net 
number of acceptor impurities, N’,, i.e. the number 
of singly-ionized acceptor impurities less the num- 
ber of singly-ionized shallow donor impurities, is 
much smaller than n, then In » oc E;/2kT while if it 
is much larger than n, then Inn o Ej/kT. In 
donor level and a 


a semiconductor with one 


small amount of compensation, the slope of the 
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Fic. 2. Hall mobility vs. temperature for the CdS crystal 
of Fig. 1. 


In n vs. 1/T curve is E;/2k for high values of T 
(low values of 1/7’) and changes to twice this slope 
at low temperatures (high values of 1/7). This is 
not the case in the present instance. Instead the 
slope at high temperatures reduces to a smaller 
slope in the low temperature region with a transi- 
tion region at about 25°K. This decrease in slope, 
which is in a temperature region in which there is 
still a sizeable Hall mobility, is undoubtedly due 
to a shallower level of donor impurities. Since in 
the higher temperature range these impurities will 
offset the acceptor impurities, N, will be small 
and, therefore, In nm oc E;/2kT. Since there does 
not appear to be any peculiarity about the curve in 
the vicinity of the transition point, it is reasonable 
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assume that N, will be small in the 20 
to 25°K temperature region so that the relation, 
Inn oc E;'/2kT, will be valid here also, where 
kj’ is the energy level of the shallower impurity. 
It is seen that the curve tends to a larger slope at 
the lowest temperatures plotted; this appears to 
be due to a transition to the £;'/k slope, so that 
N, is of the order of 1013/cm? in this region. 
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ELECTRIC FIELD (VCLTS/CM 
Fic. 3. The electrical conductivity vs. applied electric 
field for several CdS samples at 4-:2°K. The curves are 
labeled with the room temperature resistivity of the 
samples. 


From the above analysis we conclude that there 
are more than 6-6 x 10!6/cm? of donor impurities 
at 0-034 eV below the conduction band and there 
are somewhat more than 10!4/cm? donor impurities 
at 0-01 eV below the conduction band. As shown 
in Fig. 2, the mobility of the sample has a maxi- 
mum value of 570 cm?/volt-sec at 70°K. At the 
higher temperatures, the mobility is proportional 
to 7-13 while between 20 and 30°K it is pro- 
portional to 7+’, ‘This latter variation is much 
larger than would be expected from ionized im- 
purity scattering. The reason for the low tem- 
perature ‘“‘tail” in the mobility was not determined. 
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NON-LINEAR CONDUCTIVITY EFFECTS BELOW 
THE BREAKDOWN FIELD 

A large part of the experimental work involved 
the measurement of the current-voltage relation 
for the CdS crystals at liquid helium temperatures 
in the cold dark. At first, a direct-current measure- 
ment using the customary four-terminal technique 
was adopted. It was found that the molten-indium 
contacts were very close to ohmic so that a two- 
terminal method yielded the same results as the 
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E (VOLTS/CM) 


100 

Fic. 4. The electrical conductivity vs. applied electric 

field obtained by a d.c. measurement for a CdS sample. 
at several low temperatures 


four-terminal method and had the advantages 
that shorter samples could be measured and that it 
was simpler to adapt to pulsed electric-field 
measurements. For many of the crystals, heating 
effects were found to be important even though 
the crystals were immersed in liquid helium; 
therefore, most of the final measurements were 
made using triangular voltage pulses having a rise 
time of about 10 microseconds and a decay time 
of about 50 microseconds. Measurements of current 
vs. voltage were made directly on an oscilloscope. 
The curves of conductivity vs. electric field are 
shown on a log-log plot in Fig. 3. The heavy 
vertical lines indicate the onset of breakdown. 
The change of conductivity with applied electric 
field is very marked. Similar curves shown on a 
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semi-log plot for a sit gle sample at 4.2 K and 
lower temperatures are shown in Fig. 4. From these 
that the i 
t upon the first power of 


curves it can be see1 conductivity 1s 


) sal 
exponentially dependen 
for the smallest field used, 
and has one slope up to about 40 V/cm and changes 


+} 
cm. As tiie 


uctivity, 


the electric field even 


to a smaller slope from 100 to 240 V/cm 
° , 7 | 
temperature is lowered, the zero-field cond 


} 


but the slope of the curves at low 


G0, 


If one considers just the portion 


fields increases. 


Fic. 5. The electrical conductivity sample current 
for a CdS crystal at 4-2°K 


between contacts. 


with different distances 


of the curves below 40 V cm, then the conductiv ity 


may be expressed by the equation: 
o = oo(T) exp(a(T)E). 
It is found that 


ool T) ono € xp ( —()-0020/kT) 


and 


a(T) 


ag exp (+0-0005/RT) 


where there is some uncertainty in the 
a(T). Most crystals show similar effects although 
the details of the curves may be different. 

In order to determine the effect of crystal length 
upon the non-ohmic characteristic of the crystals, 
measurements were made on several crystals of 
the current-voltage relation as the electrodes were 


values of 
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placed closer and closer together on the crystal. 
The results of the most complete set of measure- 
ments is shown in Fig. 5. Here the conductivity is 
plotted against sample current for different 
lengths of the same crystal. It is seen that the 
conductivity vs. crystal current relation does not 
change with sample length to within the experi- 
mental error of determining the effective distance 
between contacts. This result conclusively rules 
and space-charge-limited 


out contact effects 


currents as possible causes of the non-ohmic 
effects. 
For magnetic fields up to 9000 Oe, there was no 


observable change in the conductivity. 


THE LOW-FIELD BREAKDOWN EFFECT 

The current vs. applied voltage curve of CdS 
exhibits a sharp break when the voltage is increased 
with the current increasing one or more orders of 
magnitude without any change in voltage. The 
exact shape of the curve appears to be determined 
by thermal heating which may change the break- 
down e.m.f. Except for the magnitude of the 
electric field required, the current vs. voltage curve 
near the breakdown field is very much like the 
one obtained for germanium.®-6) For several 
crystals the breakdown field was measured as a 
function of the distance between contacts, and it 
was determined that within experimental error the 
breakdown electric field is independent of the 
length of the sample. ‘This observation rules out as 
possible causes for the low-field breakdown effects 
such as contact effects and space-charge-limited 
current effects. In Fig. 3 the vertical thick lines 
indicate the onset of low-field breakdown for 
several samples. One of the samples, 79Ag, was 
deliberately doped with silver after growth, this 
sample had an exceptionally high breakdown field 
of 5500 V/cm. 

The field required for breakdown did not depend 
on whether the measurement was made parallel 
or perpendicular to the c axis of the crystal. ‘The 
breakdown field increased only slightly when a 
magnetic field was applied perpendicular to the 
current direction; an increase of 2 per cent in the 
breakdown field with an applied field of 8000 Oc 
was typical. Similarly the breakdown field changed 
only a small amount with temperature; a decrease 
of the breakdown field of 1 per cent for a tempera- 
ture rise of 2-5°K was typical. 
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An attempt was made to measure the Hall effect 
by a pulse method while the sample was in the 
breakdown condition. Difficulty was experienced 
with this measurement due to the high impedance 
of the sample prior to breakdown. It was deter- 
mined, however, that the Hall mobility was less 
than 200 cm?/volt-sec. 

INFRARED PHOTOCONDUCTIVITY AND 

TRANSMISSION 

The infrared transmission of several samples of 
CdS with different room-temperature conductivi- 
ties was measured and the results are shown in 
Fig. 6. Since the crystals were very brittle, no 
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Fic. 6. Infrared transmission and photoconductivity vs 
wavelength of CdS crystals at 4:2°K. 
Curve A is the transmission of a highly doped CdS 
sample. 
Curve B is the transmission of a less highly doped 
CdS sample. 
Curve C is the transmission of an insulating CdS 
sample. 
Curve D is the photoresponse of a CdS sample on a 
constant energy basis. 


effort was made to polish them, but selected flat 
platelets were used. It is not known what fraction 
of the light was reflected or scattered by uneven- 
nesses in the surfaces or striations in the interior 
of the crystal. Sample A was the most heavily 
doped, and, as expected, it shows the largest 


OF 
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absorption, particularly above 15, where it 
becomes almost opaque. Sample B was less highly 
doped and shows a smaller absorption although it, 
too, becomes very absorbing at the long wave- 
lengths. Sample C was an insulating crystal and is 
seen to be much more transparent than the other 
two. The apparent transmission goes to zero at 
33 uw, however, this is probably due to the high 
reflection due to lattice absorption effects as re- 
ported by CoLiins the 
mission data it appears impossible to obtain the 


From present trans- 
energy level of the impurity because of inter- 
ference by absorption due to the lattice. 

Curve D shows the relative photoconductivity 
of a highly doped sample when placed in a helium 
photoconductivity Dewar with a KRS-5 window. 
The plot shows the conductivity vs. wavelength 
computed on a constant energy input basis, and 
in this case the peak response is at 28 u. At its 
peak the detectivity of the CdS detector was 
approximately equal to that of a thermocouple. 
On a constant photon flux basis, the sensitivity is 
approximately constant from 21 to 28y. The 
principal source of noise was 1/f noise which is 
presumed to arise in the contacts. ‘There is a great 
deal of presently unexplained structure in the 
photo-response curve. In order to untangle the 
causes for this structure it will undoubtedly be 
obtain transmission and _photo- 


necessary to 


conductivity data from the same sample. 


DISCUSSION 
Data on crystals which are similar to the ones 
reported on are not available in the literature. 
resistance vs. 


SUBE (2) temperature 


measurements on a Cl doped conducting crystal 


reported 


which had a large degree of compensation so that 
the relation, Ina oc £;/RkT, held. 
he obtained an energy level of 0-038 eV for Cl 
in CdS _ which, the in 
degree of compensation and measurement tech- 


On this basis, 


considering difference 
niques, is in reasonable agreement with the value 
of 0-034 eV found in the present work. Below 
20°K, Buse found that the slope of the In p vs. 7~1 
curve corresponded to 0-0015 eV, which on the 
basis of present evidence is probably due to an 
impurity band conduction effect. 

Extensive Hall effect measurements were made 
on conducting CdS crystals from 25 to 700°K 
by Krocer et al), Their Cl doped crystals all 
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had large amounts of compensation so that their 
results are not directly comparable with the present 
work. It is interesting to note that for some of their 
samples they also found a rapid variation of the 
mobility with temperature in the 25 to 50°K 
range. They reported that their samples exhibited 
impurity band conduction. This has been drama- 
tically confirmed in the present work at helium 
temperatures where the mobility was found to be 
less than 0-03 cm?/V-sec. 

Miyazawa et al.) have reported mobility 
measurements on conducting CdS crystals with 
no intentionally added compensation for tem- 
peratures above 80°K. There is close agreement 


Table 1. 


SHENKER 


low-field breakdown, LAMPERT’s criterion is 
obeyed. The addition of Ag in sample 79Ag 
undoubtedly compensated out most if not all of 
the 0-01 eV level donors so that it is not surprising 
that the breakdown field is so large in this instance. 
In contrast to the situation in germanium where 
the effect of magnetic field on the breakdown field 
is large, the effect in the case of CdS is small. 
This small effect is undoubtedly correlated with 
the low mobility of free carriers in CdS. Accord- 
ing to the data presented in Table 1, the breakdown 
field is not particularly correlated with the room 
temperature conductivity of the samples. This is 
not surprising since the number of 0-01 eV level 


Breakdown field and conductivity at zero field of CdS 


samples. 


Co 
(ohm-! cm 
(300°K) 


Sample 


12-7 
11- 


in the shape of the mobility vs. temperature 
curve between their results and the present work 
although their samples have a smaller doping 
level and a slightly higher mobility. 

In view of the above comparisons, it may be 
concluded that the Hall 
results are not inconsistent with previously re- 


present measurement 

ported results. 
LAMPERT et al,“0 

of low-field 


gave as a criterion for the 
non-occurrence breakdown the 
existence of a condition in which the “‘hot’’ carrier 
can lose a large fraction of its energy through the 
emission of a single phonon before it reaches the 
threshold energy for impurity ionization. From the 
data of CoLitns"), the energy of the transverse 
optical phonon of CdS is 0-027 eV. In the present 
samples there are impurities at 0-034 and 0-01 eV 
so that if the 0-01 eV donors are responsible for the 


Breakdown a0 

field (ohm~! cm?) 

(V/cm) (4°:2°K) 
1280 4-0 x10-6 
376 1-6 x 10-6 
265 9-5 x10-? 
475 6-0 x 10-8 
490 3°5 x 10-5 
695 10-8 
780 10-8 
5500 10-9 
590 10-8 


donors is not necessarily correlated with the 
conductivity of the samples. 

While there is little question that the con- 
ductivity at low electric fields is due to impurity 
band conduction, there is a question as to which 
one of the donor levels is principally responsible 
for the conduction. From the data in Table 1, it is 
seen that the zero-field conductivity at 4-2°K is 
correlated with the room temperature conductivity 
except for sample 91a which has an anomalously 
high conductivity. This correlation is to be ex- 
pected if the zero-field conductivity is due princip- 
ally to impurity band conduction associated with 
the 0-034eV donors since the number of these 
donors is directly proportional to the room tem- 


perature conductivity. On the other hand, since 
the 0-034eV band is full as indicated by the 


, 


presence of 0-01 eV donors, the ‘compensation’ 
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type of impurity band conduction discussed by 
Mortr!), Price™2), and ConweLL"3) should not 
occur. Nor is it to be expected that the overlap 
of this band with the conduction band is sufficient 
to yield appreciable conductivity. Experimentally, 
it is found that when additional acceptors are 
added, as in the case of the silver doped sample, 
the conductivity goes down markedly. This would 
not occur if the conductivity were due to con- 
duction in a full 0-034 eV donor band. While the 
situation is not clear-cut, the weight of the evi- 
dence is that the impurity band conduction is in 
the 0-01 eV donor band. The non-ohmic character- 
istic of the impurity band conduction is not 
generally found in germanium and silicon although 
a similar effect has been observed in one sample of 
silicon at this laboratory. No definite explanation 
of the non-ohmic conductivity is known at the 
present time. A possible explanation is as follows: 
If the impurity band responsible for the conduction 
is not entirely filled, if its width is greater than 
kT, and if the electrons in this band are “‘heated”’ 
by the electric field, then the relative occupation 
of the levels in the band will be changed with the 
application of the electric field thus giving rise 
to an increase in the conductivity. This effect 
could be investigated by looking at samples with 
controlled numbers and types of impurities and 
compensations, At present it is not feasible to do 


OF 


CdS AT LOW TEMPERATURES 7 
this with CdS, but silicon appears to be a suitable 
material for such research. 
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INTRODUCTION 


the complex features of real 


and the 


represt nt 


structures theory is quantitative only to 


tunnel current in very 


strong field to that in zero field. We shall begin 


the extent of relating the 
with a brief qualitative account of the physical 
mechanisms of current reduction. 
There 


field affects tunneling, 


are several ways in which the magnetic 
effect of 
altering the rate of decay of the wave function in 


each having the 


the junction region. This decay rate depends 


rhts, New Yorl 


btember 1960 


1agnetic field is given for both 
are important qualitative differ- 
rrent J(B)/1(0) in both 


of the de Haas—Van 


exponential n the qu. 
| h)\{2m] V' v) 


where e x direction is 


normal to the junction, 
junction potential (including a magnetic 
and FE, 


y of motion perpendicular to the junction. 


V(x) is the 


pote! tial in the transverse case) is the 


ener? 


1 1 
( 


One way in which the magnetic field affects the 


lin g is char ge the effective ene rgy gap 


nee the junction potential V( Vv). This, for 


nple, is the principal result of the spin para- 


tic interaction with the magnetic field. A 


reduce 


the kinetic energy E, 
Thi 
] 


ntization in strong fields, i.e. fields for 


way 1S to 
tunneling. is the effect of the 
which wr>1 and hw is an appreciable fraction of 
the e1 ry gal cyclotron frequency, T= 
The situations in the longitudinal and transverse 
orientations are somewhat different. In the longi- 
tudinal case the energy (E—£,) not available for 
tunneling is the quantized energy of motion 
(n+4)hw about the field. Since the available 
energy for tunneling Zz is a maximum for states 
with n = 0, it follows that the tunneling current in 
large longitudinal fields is predominantly due to 
states of zero point motion about the field. 
Longitudinal tunneling is therefore a /ow quantum 
number effect, and the resulting current reduction 
is very much the same as if the zero point energy 
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hw/2 were added to the energy gap. In the trans- 
verse case, the quantized energy of motion about 
the field must provide the kinetic energy for tunnel- 
ing, hence tunneling proceeds chiefly from states 
of the /argest possible magnetic quantum number 
Mmax. Because of circling of the carrier motion, 


; lhiw 


] 
uc- 


however, only a part of the energy (mmax+4 
is available for tunneling, the exact fractio1 
pending on the spatial location of the orbit center. 


The critical energy in this case is not the zero 
hw/2, but the 


mw*a*, where a is the width of the junctio1 


point energy rather quantity 
and m 
is the reduced carrier mass. 


Current oscillations of the de Haas—Van Alphen 


diagram of p—n j 


type are not to 


pe expected in the presence ol 
I states 


vecause the density of / 


1 
Lf 
longitudinal field 


is a smooth function of magnetic field. However, 


a transverse field and one 


this is not the case in 
may well ask whether such oscillations should not 
be present in such a field. Indeed, if one calculates 
the tunnel current resulting from states for which 
the distance between the junction plane and the 
magnetic orbit center is fixed, one obtains such 
oscillations. However, the fota/ tunneling current, 
which is obtained by integrating over all possible 
orbit center positions, does not display these 
oscillations, because of the dependence of the 
magnetic quantum /w on the position of the orbit 
center. This effect is discussed more fully in a 
later section. 


PRESENCE 


OF MAGNETIC FIELDS 


2. MODEL FOR TUNNELING 
We shall discuss the simple case of two parabolic 
k= 0. 


the p-n junction schematically. In this figure, « 


bands with extrema at Fie. 1 illustrates 


denotes the energy gap, gV denotes the applied 


voltage and Fa denotes the height of the junction 


potential. Clearly we have 
Fa 


] 


| Vaience 


where [Ly and wo are the conduction and 


band Fermi le vels respectively (measure ad relative 


to the appropriate band edge). In what follows we 
shall refer to the conduction and valence bands as 


bands number one and two respectively. 


inction 


It will be convenient to 


ence of the junctio! 


asSsulrne 
potential on dISt 
the range of the junction.* 

pendicular to the x-axis, 


the junction potential (cf. 


* The 


on distance can be handled in a similar fashion, but leads 


more realistic case of quadratic dependence 


of the results which somewhat 
the 


to analytic complexity 


obscures the physical simplicity of tunneling 


process. 
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The presence of this junction potential affects the 
motion of electrons and holes in two ways. First of 
all there is the intra-band effect of localizing elec- 
trons and holes in the regions x > 0 and x < —a 
respectively. Secondly, there is an inter-band 
effect, resulting from the fact that the potential 
V(x) has matrix elements coupling different bands. 
As a result, electron-hole annihilation (tunneling) 
is possible. Our approach will be to calculate the 
electron and hole wave functions taking account of 
the intra-band effects. Once these wave functions 
have been obtained the tunneling rate may be 
calculated in the usual way using the inter-band 
Hamiltonian. 

The the 
presence of a junction potential V and a magnetic 
field B is governed by the equations 


motion of electrons and holes in 


e : d 
A) + v | Ey (2.1) 


C 


a (p- 


( p- “A ) —e+ A = Hobo (2.2) 


| - 


2me 


In equations (2.1) and (2.2) m, and me are the 
effective masses for the two bands, V is the 
junction potential and A is the vector potential 
describing the magnetic field. In the following 
discussion, the magnetic field will define the 
z-direction and the gauge A = (0, Bx, 0) will be 
chosen. Energies are to be measured relative to 
the bottom of the conduction band unless otherwise 
stated. 

Equations (2.1) and (2.2) ignore the effect of the 
magnetic field on the electron spin. It may readily 
be shown that this effect does not affect the tunnel- 
ing rate if the g-factors for the conduction and 
valence bands are equal. If they are not, the net 
effect is a change in the energy gap which may be 
accounted for in the manner of Price®). We shall 
include such g-factor effects only in our final 
expressions. 

The normalized solutions of equations (2.1) 
and (2.2) are obtained in the WKB approximation 
in Appendix A. Using these solutions and the 
inter-band matrix element of the junction potential, 
Vi2, we can calculate the tunneling transition 


and E. N. 


ADAMS 
probability per unit time for a state yy as 


r 2a r 19 “tg | | 9° ’ ’ 
Wi2 = Vio)" 2 | <po| pa >|?6(F1 — £2) 
final 
states 


(2.3) 


Equation (2.3) deserves some comment. First 
of all, it should be pointed out that the inter-band 
interaction used in (2.3) is not the only interaction 
which can cause transitions, although we believe 
it to be the most important one. Other processes, 
involving the emission or absorption of photons 
or phonons are also possible. These differ from the 
interaction Vj2 insofar as the latter leads to con- 
servation of electron energy as well as to conserva- 
tion of electron momentum parallel to the junction 
plane. On the other hand, a photon assisted tunnel- 
ing process leads to momentum but not energy 
conservation, whereas a phonon assisted process 
results in the conservation of neither energy nor 
momentum. 

Secondly, it should be pointed out that the 
6-function in energy in equation (2.3) ignores the 
existence of scattering processes. ‘These may be 
taken into account in a crude way by considering 
each energy level to be broadened by an amount 
h/v, where 7 is the scattering time. As a result, we 
may think of the 6-function as having a width A/r. 
Exact energy conservation is, therefore, not re- 
quired and transitions from a given initial state Ey 
are possible to final states with energies in the 
range 

Lh 
E,+-- 


2 


The matrix element <i2\~1> appearing in 
equation (2.3) is calculated in Appendix B for 
each of the cases of interest. These matrix elements 
are used in the following sections to calculate the 
resulting tunneling current. 


3. TUNNELING IN THE ABSENCE OF A 
MAGNETIC FIELD 
We shall here give a brief summary of the results 
obtained by Prick and RaDcLirFe™) and by KANE®) 
for zero field tunneling. The tunneling transition 
probability per unit time for a state |£\kyk,> is 
obtained by substituting equation (B.2) into (2.3). 
Since the density of available final states is T2/2ah 
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in the WKB approximation, we obtain 


oT 
—|Vi2|2 
h 
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2m \ 


rey, ‘ 
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2 - 
exp] — ——— 7p? 
3hmF ri 


The total number of transitions per second due to states of energy F is thus 


2m 


LyLz |Vi2)" 
N°, = — 
Ni: 
Expanding p , we write 


3 E 
pe = (2me) 1 Le | 


& € 


The limits of integration in (3.2) depend on the 


energy £,. However, in a typical case the quantity 


is large (~ 10-20 for InSb) and 4, we < e. In 
such a case we may extend the range of integration 
to infinity with negligible error.“@) We then 
obtain 

. cm” m 

No, ~ LyLe|Vi2l2(——) exp[—A] (3.4) 

™ _ 4rrhve 

The net current due to states of energy E is 


qN} [f(Z)—f(E-—qV)] where 
1 


; - Ps 
-- exp | — 
| ee 


and the total current density is: 


m 


ioe q\Vil2| te 
Tr Il € 


4. TUNNELING IN A LONGITUDINAL 
MAGNETIC FIELD 

The calculation of the current density for this 

case differs from that in the previous section only 

in a trivial way. That this is the case follows from 

the fact that the available final states (i.e. the states 

with n’ =n, k= ky) form a quasicontinuum, 


(2nh2  F e ‘} 


) exp| —A] 


1/2 p ‘ 
| dkydk, exp |- ponamcals 8 


et 
3hmF~ ° 


just like in the zero field case. The density of state 
arguments in Section 3 are therefore still valid so 


that we may write 
2m \1/2 


th 
2 ry “ 


2 
«exp | p; 


p' 4.1) 
3hmF * ! ( 


The total number of transitions per second due to 


states of energy EF) is now 


(fanz, 


" 1 
Nie 
Since ky determines the center of the oscillators 
in (A.7), the range of integration is such that 
—4Ly, < Xo < 4L,. Hence we obtain 


(ny 


€ 


2m7mw 


. )> . 


(4.2) 


2 
— pe 3 
P| 3hmF f | 


An expansion similar to that used to obtain (3.4) 


Max[Fa—«,0] 


dE[f(E)—/(E-—qV)] 


now yields 


hw ox hw ox 


se 


de yA de 


(4.3) 


where A is given by (3.3). Ignoring the shift of 
Fermi level with field one therefore finds for the 
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rst communicated 
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5. TUNNELING IN 


If we consider a given initial state |£\k,k,> we 


Che tunneling rate for a state |£,k,k,> is now: 
rt 
Ws 
exp 
P| 


may write for the energy of this sta 


Ey =~ (n+ 4)hon(Xo) 4 


, 

2m 
However, because of the presence of the junction 
potential, the level spacing hw ;(Xo) now depends 
on Xp, i.e. on ky, and on 2. An expression similar 


to (5.1) is valid for the final states. 


. h?k 2 
1 b)hwe(X,) 
2me 
Since k, and k, are both conserved, tunneling is 


possible only for a discrete set of states, namely 


ah 


\ (R,) 


9 


- 2m 1/2 3 hw 
S | exp! A +o 
ner Ei, —(n+})hw ae 2 


those for which 


hk? 
- Fa (n- b\ha (Xo) —(n' + 1\ hiws(Xo) 
(5.3) 


For this reason, we have no a priori justification 


2m 


and E. N. 


coal i 
“the 2| TiToF | 


ADAMS 


for using 7}/27h and T2/27h as densities of avail- 
able states. The use of these expressions can 
however be justified, as we shall now show. 

In order to avoid mathematical complexity it 
will be convenient to discuss the case of heavy 
hole that 
hws < hw. In this case we may use an average 
density of states T2/27h for the valence band states 


tunneling (m2 > m,m, ~ m), so 


and consider density of state fluctuations only for 
the conduction band states. We then show why 
the case of light hole tunneling (m2 ~ mj) is not 


substantially different. 


2mew \2 


2me 2me 6AF 


where 


mo/m}. 


Using equation (5.1) the number of states of fixed 
k, and energy £ is 


7 
. 2m 1/2 


H~ 2rh | Ey —(n+ hw 


n=O 


N( hy ) 


where ”» is the largest integer for which 
ky —(n-+ Nhu is positive. 
The total tunneling rate due to states of energy 


FE, and fixed k,, is therefore 


39 L. 
) (ann | es i 
Ey—(n+})hw = I 27) 
"me (y  -6AF }) } 
(5.6) 


Omew 


The sum over m in equation (5.6) may be 
carried out by means of the Poisson summation 
formula. In carrying out the sum we will ignore 
the dependance of w on n. This approximation 
will overestimate any effect due to the periodicity 
of the density of states. The result is (cf. 
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Appendix C): 


OA 


In equation (5.7), Nosc is the contribution of 


terms proportional to 


cos | 2am 


Dy 


| 4 m LZ.3 

\ hw 2 

in (C.3). These terms are analogous to the de 
Haas—Van Alphen effect in the susceptibility and 
lead to oscillations periodic in 1/B. However, it is 
to be noted that equation (5.7) must still be in- 
tegrated over k,, if one is to obtain the total tunnel- 
ing rate due to states of energy £. Now it has been 
pointed out earlier that the quantity Aw depends 
on Xo and hence on ky. Over the range of k, of 
interest in (5.7), namely 


9 


mF | 1/2 


“h(2me)! 2 


Aky ~ 


the quantity 1/iw varies approximately over the 
range (0, mc/heB). As a result, the contribution 
of Nose to the total tunneling rate averages out for 
all energies unless £)/iw < 1, in which case the 
transition rate becomes vanishingly small anyhow. 
Thus, oscillations which are quantum effects of 
density of states will not be observed, and such 
quantum effects will not be of any qualitative 
importance. 

The total transition rate may be obtained by 
integrating the non-oscillatory part of (5.7) over 
k, in the manner of (3.2). It is readily verified 
that one then obtains 

hw ar. om 


Nt N® exp] —% x-A}| (5.8) 
12 12 ; : 
& Ce ra 

If the Fermi level shift is again ignored, the 


normalized current is, 


jt 


3 hw or ] 


= exp |- ha 
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This result may be also written: 


22. | = ) mova? - | (5.10) 


CE _ 


It is to be noted that this is precisely the result 
one would have obtained if 7)/27h had been used 


as the density of available conduction states. 


6. DISCUSSION 
When equations (4.4) and (5.10) are modified 
to include g-factor effects one obtains for the 


normalized currents: 


It = oA Jesch| hw OX 


}cosh{ Ey 


Ce & ve 


rT ) 


. ° 
e \2 OA ]* 

ais ? 

2x/ mwa cosh| E» 
Fa 


a ve 


where 
Ey = 3(21—g82)uBB 


and jz is the Bohr magneton. 

Equation (6.1) agrees exactly with a result 
obtained by Price®), and agrees with the result of 
CaLawa et al.'?) provided that in the latter work 
the quantity g is replaced by (gi — gg), the difference 
of the g-factors for the two bands. 

Because of the different dependences of 7; and j; 
on magnetic field, energy gap and junction field, 
one cannot make a general statement about the 
relative magnitudes of these currents. For the 
particular junction described by CALAwa et al.) 
our equations suggest (we do not have access to 
data which would permit a truly quantitative 
comparison) that j; is larger than j;, in agreement 
with the experimental finding. 
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It is noteworthy that the ratio j;/j:, which is 
independent of the spin moment, can be used to 
obtain a reasonably direct experimental measure 
of the electric field in the junction. Once this field 
is known, either equation (6.1) or (6.2) could be 
used to obtain an experimental value of the 
difference of g-factors for the bands, which could 
be correlated with results of magneto-optical 
studies. 

APPENDIX A. CALCULATION OF WAVE 
FUNCTIONS 

In the absence of a magnetic field equation (2.1) has a 

solution of the form 


] 
V (LyLz) 


(xyz) etkyyetk.zdi(x)  (A.1) 


4 


where ¢; is the normalized solution of 


nee Pi ) ¢ ii 
h 
2m[E, — Ey. — V(x)] 


h P 
Ey [Ay? + Re] 


2m) 


The normalized solution of (A.2) is easily written down 
in the WKB approximation. We find: 


where 7) is the classical period of the motion and £1 


and & are the classical turning points of the motion 
obtained from p: 0 
For a longitudinal field equation (A.1) is replaced by 


ypi(xyz) 
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where Xo = —/iky/mw, On is a normalized harmonic 
oscillator function and ¢1(z) is the solution of (A.2) 
with 


pi = 2m,[E\ —(n+4)hw, —V(z)] 


For a transverse field with the junction perpendicular 
t» the x-axis, equation (A.1) is still valid but the de- 
finition of p< in (A.2) must be changed to 


; h2k? 
2m, | Ly, — = 
2m 


—4}m w(x — Xo)? —J | 


The wave functions we for the valence band are similar. 
They can be obtained from the expressions for 1 by 
making the following replacements: p1 — p2, where 


p5 = 2me[V(x) —e—E2—E2,] 


(zero field) 


2m2[ V(z) —e—E2—(n'+3)hw2] 


(longitudinal field) 


, 


—4mqw?(x — X,)* 


APPENDIX B. CALCULATION OF MATRIX 
ELEMENTS 
The overlap matrix element <We|~1> is required only 
for E; = E2 because of the 8 function in equation (2.3). 


1/2 


(A.4) 


(x ~X0)| du) 
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For the case of zero magnetic field we thus have: 


= Skuk kek. } $5(*)¢1(x) dx (B. 1) 


The integral involved in equation (B.1) may be done 


approximately by the method of steepest descent. In 
this manner we readily obtain 


, po a 
boliy > = SeyxSe-“-O exp | — ——— 2) 
pb roe Kuk vOkzk2J CX} | ) 


where 


(th 1 1 1 
heen 4 ae 
\Fuaer sy UN ©, m my, ms 


p? = 2m[e+ E.]; E, = Kite 
A similar result is obtained for the longitudinal case. 


We find 


| p; 
alba >i & Sna,3. Oexp| — ———| (B3 
Waldir ~ Se018),n P| Shen? (B.3) 


where 


eB 
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The calculation of <ely15 for the transverse case is 
somewhat more involved. The method of 


descent yields: 
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The integrals involved in the exponent of (B.4) may be 
performed exactly. One obtains, for example: 
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The complexity of these expressions makes it desirable 
to expand them in powers of the magnetic field. Such 
an expansion converges rapidly in a typical case, even 
for the largest fields available. If one desires 


correctly to order w{, the expression (B.5) must be 
expanded correctly to fifth order in w1, since the exponent 
behaves like wy?. One obtains 
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where y me2/m,. Substitution (B.7) and (B.8) into 
(B.4) yields the following result: 


> 


w*( 2me y? - 
mhF3 


(B.9) 


where \ 


and A; and As are 
dimensionless parametet depending on the 


ratio of the effective mas 


my. Explicitly 


APPENDIX C. EVALUATION OF SUM 
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sum in equation (5.5) is of the form 
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Using the Poisson summation formula we may writ 
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ight we may replace the upper limit of integration by 
(B.8) infinity with negligible error. This condition will be 
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satisfied in InSb for the majority of electrons if where 
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Abstract—The kinetics of the reactions leading to the formation of donors in oxygen-doped Ge 
have been investigated by means resistivity and Hall effect measurements. Reaction rates have 
been measur xygen concentrations ranging from 0-9 to 12:0 x10!’ cm~* oxygen over the 

300—550°¢ The apparent ler of reaction is shown to increase with both 
temperature a xygen concentration and to approach a limiting value of four. Although the 
reactions al mplex in the kinetic sense, and consist of series as well as parallel reactions, both 
the forward and reverse reactions are shown to follow approximate first order rates over limited 
temperature ran The reaction of oxygen in the presence of copper is shown to result in the 
production of a neutr: aired conformation of the Cu and O atoms. The activation energy for 


+7 kcal (2-0 eV) in excellent agreement with the activation 


I. INTRODUCTION and dissociation of donors. A previous paper) 
VERY LITTLE is ki n about the mechanisms and_ discussed the donor equilibria established when 
kinetics of the reactions in solid solutions or about oxygen-doped Ge crystals are heated in the tem- 
the compounds which are formed. Because the perature range 300-550°C. The present work dis- 


barriers to diffusion in solids are considerably cusses the kinetics of these reactions. 


higher than those in gases and liquids, it is evident Investigations relating to the kinetics of the 


hat diffusion processes are expected to play a reactions of oxygen in solution in silicon have 
nuch more important role in the case of solids. already been reported.®:3.4) The similarity of these 
Also, because diffusion is an atomic process, the reactions to those occurring in oxygen-doped Ge 
reactions in solids are usually describable in terms has also been pointed out.-®) It is now fairly well 
of steps in which single atoms are added to forma_ established,7,1) that in both instances oxygen 
product molecule. In simple systems, therefore, undergoes a series of consecutive reactions leading 
an investigation of the reaction kinetics in solids to the formation of a metastable donor of the type 
should prove useful, not only in providing in- M*Qq, where M* represents a solvent (Ge or Si) 
formation on the diffusion properties of reacting atom at which the reactions are taking place. These 
atoms, but also in helping to elucidate the elemen- reactions may be written, 

tary steps leading to the reaction products. As 


(a) M*0+0 = M*O>2 


media for such reactions, the covalent semicon- 
ductors offer considerable advantages. Very pure . 
| yd (b) M*Oo+0 = M*Og (1) 

crystals of these semiconductors are available, 
and both optical and electrical methods capable of (c) M*O2+ 0 = M*QO,4 
measuring minute changes in solute concentrations 
now exist. The asterisk has been added to emphasize the 

In the present work electrical measurements fact that the various structures are not separate 
have been employed to investigate reactions of oxide phases but are present in solid solution. 
oxygen in germanium which lead to the formation It has also been shown that in Si, continuing 
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or side reactions occur which lead to a disappear- 
ance of the M*QO, donors and ultimately to silica 
ageregates.'78) Infrared investigations) of Si 
(in which oxygen reactions have been carried out) 
show that more than one donor is produced upon 
reaction and it has been postulated) that the pro- 
ducts M*Ozg and M*Oz in equation (1) are also 
donors. 

The results of the present work show that the 
reactions of oxygen in Ge parallel those in Si 
very closely indeed. Also because they proceed 
further toward completion and because the rates of 
reaction are considerably higher than those in 51, 
more accurate data can be obtained. It is found 
that the kinetics of donor generation are in agree- 
ment with the reactions (1) in which, in addition 
to M*Ox4, the species M*QOz also appears to ionize 
as a donor. The formation of the latter is most 
apparent at low temperatures and low oxygen con- 
centrations. The kinetics of the donor disappear- 
ance reaction, which occurs at higher tempera- 
tures, are also in agreement with the presence of 
other donor species. Although the kinetics of both 
the generation and disappearance reactions are 
complex, it is shown that they are both probably 
diffusion controlled, the energy of activation being 
the activation energy for the diffusion of oxygen. 

Finally, the reactions of oxygen in the presence 
of Cu suggest that a neutral or internally compen- 
sated structure is formed at 350°C. Furthermore, 
the donor generation reaction in the presence of 
Cu is found to follow simple kinetics which agree 
with the diffusional properties of oxygen.) 


Il. EXPERIMENTAL 

The Ge crystals employed in this work were 
grown under different partial pressures of oxygen 
in argon, and were the same as used in Ref. (1). 
The oxygen contents varied from 0-9 to 12-0» 
x 1017 cm-8, The 
determined from 
25 + 1°C using the mobilities given in Fig. 1 of 
Ref. (1). Reactions were carried out in air in furn- 
aces controlled to within 1°C. The range 
peratures was 300-550°C. Allowance w 


donor concentrationst were 


resistivity measurements at 


of tem- 


as made 
for heating up time which was generally 15 sec for 
the small specimens (1 x 1x15 mm?) employed. 


t The donors were assumed fully ionized at 25°C. 
See Discussion B. 
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Quenching to room temperature required less 
than 5 sec. The oxygen concentrations were known 
from infrared absorption measurements, “!) 

Each reaction was preceded by a normalizing 
anneal to insure that the oxygen was in solution at 
the start of the reaction. This consisted of heating 
the gold-plated specimen for 1$ min at 915°C and 
quenching to room temperature in less than 5 sec. 
The gold plating served to minimize the effects of 
Cu contamination. 

To investigate the effects of Cu, Ge specimens 
were copper plated, heated to 900°C for 10 min 
to saturate and quenched to room temperature. 
In the saturation step, 3-0 x 1016cm™*? Cu were 
introduced. The same Ge specimen (1-9x 
x 1017 cm™ oxygen) was used to investigate the 
effect of temperature by repeatedly reheating with 
Cu to 900°C and quenching before each run. 
Hall measurements were made standard 
‘tbridge’’ specimens to determine electron mobility. 


on 


The concentrations of oxygen are believed to 
be per cent. This 
accuracy also applies to the electron concentrations. 
Relative electron concentrations were determinable 
to better than 1 per cent. Since the donors are 
25°C and appear to 


pam 


accurate to within 5 same 


essentially fully ionized at 
possess only single energy levels, the electron 
concentrations are taken equal to the total donor 
concentrations, 

The data were examined by the usual procedure 
of plotting changes in donor concentrations 
against time and attempting to deduce therefrom 
the applicable rate expression and the order of the 


reaction. The results are summarized below. 


Il. RESULTS 

When the curves showing donor generation 
(forward reaction) against time are examined, it 
is found that simple first or second order kinetics§ 
is followed for the majority of reactions in the 
range 350-470°C. Examples of such reactions are 
given in Ref. (1), Fig. 2. In general, however, 
first order kinetics is followed 
Similarly for the 


1 


better than second 


order. donor’ dissociation 


t No effect of oxygen on the saturation value was 


found. 

§ The terms ‘“‘first order’’ or “‘second order’’ are used 
to mean simply that the fractional change in donor con- 
centration, or 1 minus this fraction, follows the corre- 


sponding rate expression. 
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Fic. 1. 








Rate of donor generation at 500°C in a crystal of 


Ge containing 6-0 x 10!” cm~? oxygen.f 


(reverse reaction) the kinetics approximates first 


order. There are, however, also definite anomalies 


in the simple kinetics which are more prominent 


at higher temperatures and oxygen 


| 


These are discussed in detail 


] 
concentra- 
] 

i 


tions. 4 below. 


(a) Forward reaction 

[hat the forward reactions are complex is readily 
evident when curv at high 
(above 470°) and at low te mperature (below 350°) 


; of donor gvenera ion 


are examined. Fig. 1, taken from Ref. (1), shows the 
curve obtained at 500°C for a specimen containing 
6-0 x 101? cm-3 oxygen.7 A single maximum (with 
a suggestion of a second) is evident. Similarly 

101? cm-3 and 
4-2 x 101" cm-3 500°C which 


show distinct double maxima. The nearly horizontal 


Fig. 2 shows curves for 3-9~x 


oxygen reacted at 


The donor concentrations in Fig. 1 and following 


figures were measured at 25°C. The quench rate was 


rapid enough in all cases to stop the reaction in ~ 1 sec. 








4 
TIME 


Fic. 2. 


Rates of donor generation at 517°C 


50 60 


N MINUTES 


for Ge crystals 


containing 3-9 x 101? cm-® and 4-2 x10!” oxygen. 
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INITIAL REACTION RATE AT 300°C donor concentration is discussed in Section IV(d). 
3-9 X10'7 CM"? OXYGEN Fig. 3 shows the initial part of the curve for a 
specimen containing 3-9x 101? cm oxygen re- 
acted at 300°C, and again shows deviations from 
simple kinetics. 
To derive apparent orders for the reactions, the 
initial rates and the fractional life-time methods 





-3) 


(cM 


f 


were applied. 
The relevant equations are: 


log Rj —log Re 


No = 


NCENTRATION, 


log C, —log C2 


co 


log t; —log te 





nr = 1+ 


DONOR 


log Co—log Cy 


where mp and mz are the orders of reaction for the 
respective methods, R; and Re are the initial rates 


30 40 50 5 pe 
TIME IN HOURS for oxygen contents C) and Co, and ¢; and fg are the 


Fic. 3. Rate of donor generation at 300°C for a crystal half-life periods for these concentrations. Such an 
of Ge containing 3-9 x 1017 cm~® oxygen. analysis, in the case of Si, led to the concept of 
SiO, as a donor") and a similar behavior might 

portions of the curves in both Figs. 1 and 2 are therefore be expected for Ge. Fig. 4 shows plots 
believed to represent donor equilibria.“ These of the initial reaction rates as a function of oxygen 
are also evident in Fig. 10. The final decrease in contents for 350, 385, 435, and 470°C. It is 








)XYGEN NCENTRATION (CM~> 
Fic. 4. Log-log plot of initial rate of reaction vs. oxygen 
concentration for oxygen donor generation in Ge at 
350, 385, 435, and 470°C. Apparent order of reaction is 
indicated. 
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seen that the reactions, at 435°C and 470°C, 
suggest an apparent fourth order for the forward 
reactions. The reactions at the lower temperatures, 
especially for the low oxygen contents, give a lower 
order than four, thus showing the effects of the 
early steps in the reactions (1). 

The results of the calculation of the apparent 


order of reaction from half life-times is shown in 


FULLER 


energies obtained from the slope of this curve 
varied from about 23 kcal at the higher temperature 
(470°C) to about 60 kcal at 400°C. Likewise, the 
apparent activation energies calculated from the 
initial rates showed a large variation with tem- 
perature; the highest value 41 kcal being given at 
the lower temperature (350°C) for a specimen 


containing 4-210!’ cm-? oxygen. Possible 


Fic Log-log plot of half-life periods vs. oxygen 
concentration for donor generation in Ge at 350, 435, 


and 470°C 


Fig. 5. Here again the orders for the lower tempera- 


tures are lower than those for the higher tem- 
perature (470°C) 
As stated above, 


approximate first order kinetics in (1—/) ,where fis 


vhich approach 4. 
the forward reactions follow 


the fraction of donors generated in a given time, 
over a limited temperature and oxygen content 
range. Apparent first order rate constants for an 
oxygen concentration of 4:2 x 10!’ cm~$ were cal- 
culated and plotted against 1/7. The curve so 
obtained (not produced here) showed a marked 
linearity. Apparent activation 


deviation from 


Apparent orders of reaction are indicated. 


interpretations of these variations in AHg are 


given below. 


(b) Reverse reaction 
As has been found for Si, the dissociation re- 
actions of the donors formed from the oxygen 


reactions follow approximately a first order pro- 
cess) in the donor concentration. In carrying 
out this reaction, one starts with donor concentra- 
tions well above the equilibrium value at a given 
temperature and examines the rate of approach 
to equilibrium. However, once again deviations 
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REVERSE REACTIONS AT 500° C 
AFTER SATURATION WITH DONORS AT 350°C 
x10'6 





OQ 49 x 10!7 OXYGEN 
3-9 x 10'? OXYGEN 


| === SHOWS 1ST ORDER CURVE 
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Fic. 6. Reverse reaction rate at 500°C after donor satura- 

tion at 350°C for specimens containing 3-9 x 10!? cm~$ 

and 4:°9x10!? cm-? oxygen. First order rates follow 
dashed lines. 


from first order are evident, though not as pro- 
nounced as for the forward reactions. Fig. 6, which 
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shows curves for 3-9 and 4-9 x 1017 cm- oxygen 
at 500°C is typical. On this figure the first order 
curves are shown as dashed lines. It is evident that 
over most of the reaction, first order kinetics is a 
good approximation. Fig. 7 shows a plot of the 
first order rate constants as obtained from dashed 
curves, such as shown on Fig. 7, against 1/T for 
specimens containing 4-9 x 1017 cm~? oxygen. The 
trend of AH, with temperature, while less than 
that found in (a), is still present, the range being 
from 47 to 85 kcal. 


(c) Reactions of oxygen in the presence of Cu 
Figure 8 shows the initial decrease in hole con- 
centration and the subsequent increase in electron 
concentration at 350, 398, and 424°C for the same 
specimen of Ge containing 1-9 x 10!? cm-3 oxygen 
and 3-0 x 1016 cm-8 Cu. The changes of electron 
concentration with time, unlike the reactions in 
the absence of Cu, are found to follow first order 
kinetics in one minus the donor fraction to within 


+ x 1000 


Fic. 7. Apparent first order rate constants for reverse 


reaction (dashed curves shown in Fig. 6) plotted 


against reciprocal of absolute temperature. 


AHa 


varies from 47 to 85 kcal. 
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Fic. 8. Changes in carrier concentrations at 350, 
398, and 424°C upon annealing Ge containing 
3-0 x 1016 cm=* Cu and 1-9 X 1017 cm~? oxygen. 


waar 
= A 000 


Fic. 9. Plot of rate constants derived from donor generation 


reaction of Fig. 8 against reciprocal of absolute temperature. 
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the error in the measurements. Fig. 9, which is a 
plot of the first order rate constants calculated from 
the curves in Fig. 8 (which includes a run at 375°C 
not shown on Fig. 8) gives a value for AHg of 
47 kcal and shows no trend with temperature. 

It is interesting that AHq calculated from the 
times for the hole concentrations to reach zero for 
the different temperatures, comes out 40 kcal, in 
fair agreement with that given above (Fig. 9). 


IV DISCUSSION 
(a) Activation energies 

In the reactions of oxygen in Si it was noted that 
the activation energies for the forward and reverse 
reactions were approximately the same.2) A 
value of 65 kcal (2:8 eV) was deduced from the 
reverse reaction kinetics. This value, it was pointed 
out,2) is in agreement with the value found for 
the energy of diffusion of oxygen in Si.“8) More 
recently) a value of 60 kcal (2-6 eV) has been 
found from anelastic relaxation measurements. 
This agreement strongly suggests that the forward 
and reverse processes in Si are diffusion controlled. 
Because of the very great similarity between the 
reactions in Si and those in Ge, this suggests that 
the latter likewise are dependent on oxygen 
diffusion. 

In the case of Ge the best value for AHg appears 
to be that from Fig. 9, namely 47 kcal (2-0 eV). 
This is in good agreement with the value (2-1 eV) 
found from anelastic relaxation. ° 

It is interesting that the donor generation curves 
in the Cu experiments follow simple first order 
kinetics in one minus the donor fraction and yield 
a value of AH, in excellent agreement with that 
from the diffusion experiments. This suggests 
that, in the presence of Cu, the controlling reaction 
causing an electrical change is that represented by 
the diffusion of an oxygen atom to a well-defined 
center, 14) 

Further discussion of the 
presence of Cu is given below. 


reactions in the 


(b) Nature of the forward and reverse reactions 

No quantitative treatment of the kinetics of the 
forward and reverse reactions will be attempted 
here, but rather a qualitative discussion of the 
reactions. The presence of maxima (Figs. 1, 2, 5) 
suggests that a series of reactions of the kind shown 
in (1), in which at least two of the product species 


are donors, take place when oxygen reacts. A dis- 
cussion of the analogous reactions in Si has already 
been given.@) The first maximum (Fig. 1) can 
be understood, if it is assumed that the Ge*Ozg 
species is essentially a completely ionized donor at 
25°Ct whereas the Ge*Qs3 is neutral or only slightly 
ionized as a donor. Since the Ge*Ox, species is 
known to be a donor and to be essentially all 
ionized at 25°C," the second maximum (Fig. 2 
may represent a common peak due to both donors. 
The subsequent plateaus (which appear to re- 
present equilibrium) could then be attained by a 
decrease in the Ge*QOg and increase in the Ge*Oxz 
concentrations. Other interpretations are of course 
possible. The reverse kinetics (Fig. 5) are also in 
qualitative agreement with this model. Hall effect 
results"5) likewise indicate the presence of several 
ionization energy levels assignable to separate 
donor species. 

The assumption of two donors, with an essenti- 
ally unionized intermediate species, can also ex- 
plain the apparent decrease of AHg with tempera- 
ture for the forward reaction since at the higher 
temperatures, the reactions leading to Ge*Ox3 and 
Ge*O,4 predominate over that leading to Ge*O2 
and the former result in no net change in donor 
concentration. At lower temperatures most of the 
donor generation will result from Ge*Oz2 forma- 
tion. The effect of temperature on rate is expected 
to be greater for the latter. A similar argument 
applies to the reverse reactions. 


(c) Reactions of oxygen in Cu-doped Ge 

The results shown in Figs. 8 and 9, as well as 
other evidence to be presented below, suggest that 
a reaction between oxygen and Cu occurs when 
both are present in Ge.f The results at 350°C 
(Fig. 8) show that, if the excess donors formed are 
assumed to contain 4 oxygens and do not contain 
Cu, two oxygen atoms per Cu are required to 
produce compensation or elimination of the Cu 


ft Recent measurements‘!®) indicate that the initial 
donor may not be fully ionized at 25°C. However, at the 
donor concentrations in the present experiments, the 
error does not affect the conclusions. 

t Asimilar suggestion has been made in a recent paper 
by CarTER J. R., JR. and Swa.in R. A., J. Appl. Phys. 
31, 1191 (1960). Reactions between Cu and O in Si have 
been postulated by G. H. ScHiTrKe, paper presented 
before Electrochemical Society, Chicago, May 1-5 
(1960). 
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Table 1. Equilibrium donor generation in crystals containing oxygen 
and copper (Cu = 3-0 x 1016 cm-%; T' = 350°C) 


Orig. O-conc. (cm 


9 x 1016 
19 x 1016 
22 x 1016 


acceptors, provided no oxygen is lost in other ways. 
This is also containing 
different amounts of oxygen as shown in Table 1. 
If it is assumed that the three acceptor levels per 
Cu atom observed in Ge@® are still present after 
reaction to the intrinsic state (25°C), then it is 


indicated in crystals 


necessary to postulate three donor levels per two 
reacted O-atoms (Ge*O2***). A comparison of 
observed and calculated“) Hall mobility measure- 
ments at 77°C, however, shows that if the above 
holds, the Cu and Ge*Oz must be closely associated 
(see ‘Table other investigations®5) 
indicate Ge*Oz is singly charged, a more likely 


2). Since 
possibility is that one Cu reacts with two oxygens 
and Ge to form a neutral complex at 350°C. 

Hall mobility calculations were made following 
Brooks."7) These were compared with experiment 
for a specimen of Ge reacted at 350°C in the 
presence of 3-0 10!6cm-* Cu. The Ge crystal 
employed contained 9-0 x 10!6cm-* oxygen. An 
effective mass of unity was used in the calculations 
since relative values for the mobility are sufficient 
for the arguments presented here. ‘The procedure 
of DeBYE and KoHANE"®) was followed to convert 


3) O-conc. in excess donors 


(cm~%) 


3-6 x 1016 
12 x 1016 
16 x 1016 


impurity mobilities into Hall mobilities. The 
results are shown in Table 2. 

Table 2 shows that individual (unpaired) triply- 
charged acceptor Cu ions are no longer present as 
such after reaction in the presence of oxygen. 
The observed mobilities in Table 2 are about one- 
third the values observed for other specimens 
(not reported here) containing comparable oxygen 
and electron concentrations, but essentially no 
Cu. These lower values may indicate that the 
Cu-oxygen interaction product contributes some 
scattering or they may be due to nonuniformities 
in the specimen. Likewise, the increase in mobility 
with reaction time shown in column 3, Table 2 
may be caused by specimen inhomogeneity. How- 
ever, the large discrepancy between the observed 
mobilities and those calculated assuming that the 
Cu is unpaired (columns 3 and 5, Table 2) is 
strong evidence for the formation of a compound 
of an internally compensated structure. 

Since Cu in Ge is known to be in interstitial— 
substitutional equilibrium, a mechanism is pro- 
vided whereby Cu may readily migrate inter- 
stitially to oxygen centers. This would appear more 


Table 2. Comparison of calculated and observed Hall mobilities for 3-0 x 1016 cm-* Cu 
and 9-0 x 1016 cm-3 O in Ge 


Reaction temperature 
Measuring temperature 


Electron 
conc. 77°K 
(cm~%) 


Time of 
reaction 


Obs. Hall 
mobility, 77°K ; — - 
(cm?/V sec) 


350°C 


77°K 


Calc. Hall mobility, 77°K 
(cm?/V sec) 
| Cu “paired’’ | Cu “unpaired”’ 





(hr.) 


5570 
8200 
8690 


4:2 x1014 
3*3 x 1015 
4-1 x10 


22800 
17100 
10900 
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likely than that the oxygen atoms would migrate 
to the Cu acceptors, which are more dilute than 
the oxygen and diffuse much more slowly. Such a 
migration of the Cu would result in the loss of the 
Cu acceptors and consequently of their high 
scattering power for electrons as is observed. 

No attempt will be made here to suggest models 
for the structure formed by the oxygen—copper 
interaction. That the association is rather strong 
is indicated by the fact that heating to 550°C for 
20 min caused the specimen to return to only 
9-0 ohm cm p-type, showing that even at this 
temperature, where essentially all of the donors 
formed from oxygen are dissociated,“ the Cu 
acceptors are largely still reacted.t 

Further evidence that two oxygen atoms are 
combined with one copper is provided by the fact 
that the equilibrium donor concentrations observed 
for the different temperatures in Fig. 8 are just 
those expected for a specimen containing 1-3 x 
1017 cm-3 oxygen, i.e. two oxygens per Cu less 
than the oxygen concentration known to be present. 
Since this applies to the 424°C curve, it confirms 
the findings above, namely that the oxygen—copper 
product is stable at this temperature. 


(d) Parallel reactions 

If the reactions of oxygen in Ge are continued 
long enough at temperatures which are not too 
low, the donors formed eventually disappear. At 
470°C about ten hours are required whereas at 
550°C the donors are gone after about 100 min. 
Similar reactions in Si have been explained as a 
“polymerization” in which the donors are the seat 
of a reaction ultimately leading to silica forma- 
tion.) The results shown in Fig. 10 support an 
alternative view that, at least in the case of Ge, 
the donor disappearance occurs through migration 
of oxygen to dislocations and other points of pre- 
cipitation. 

In Fig. 10, the same specimen of Ge, containing 
6-0 x 1017 cm-% O, was reacted at 500, 525, and 
546°C until the donor loss was complete. Before 
each run the oxygen was dispersed by heating to 
915°C for 2 min. If the time for the donor con- 
centration to reach 2x 10!5cm~8 is taken as a 
measure of the time for all of the oxygen to be 


+ It is possible that the Cu and O form a precipitate 
phase which redissolves as the temperature is raised 
above about 500°C. 
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removed into the precipitate phase, and the re- 
ciprocals of the times are plotted against 1/7, 
a value of 46kcal is obtained for AH,. The 
closeness of this value to that for the activation 
energy for oxygen diffusion (47 kcal) strongly 
suggests that the precipitation process is diffusion- 
controlled. Furthermore, if a diffusion process 
does exist, it is possible to calculate from the value 
of the diffusion coefficient for oxygen at 500°C 
(1-5 x 10-14 cm? sec~!) and the time for donor 


YX YGEN 


DISAPPEARANCE OF DONORS, 





Fic. 10. Change in donor concentration with time at 

500, 525, and 546°C for Ge containing 6:0 x 101? cm=-3 

oxygen. The initial donor rise is too fast to be shown on 
the time scale of the figure. 


disappearance (27,000 sec) an approximate distance 


between precipitation centers of 4000 A. This 
corresponds to a concentration of nucleation 
centers of about 1011 to 1012cm-%, which is not 
unreasonable. Optical studies on Si containing 
precipitated oxygen have in fact shown that con- 
siderable precipitation does occur on dislocations 


and similar centers. 9) 


V. CONCLUSION 
The present work has verified, for oxygen- 
doped Ge, what was known already in oxygen- 
doped Si, namely that the reactions of oxygen to 
form donors are complex in the kinetic sense and 
consists of probably three partial series reactions 
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leading to a donor composed of four oxygen atoms. 
Evidence is presented that one of the partial re- 
actions products is also a donor which is ionized 
at room temperature and one is neutral or a donor 
which is essentially nonionized at 25°C. The 
structures containing respectively 2 and 3 oxygen 
atoms are likely assignments for these partial 
reaction products. 

Both the donor generation and the donor 
dissociation reactions follow approximate first 
order kinetics in the temperature ranges 350-470 © 
and 480-550°C, respectively. Marked deviations, 
however, occur; especially in the generation 
reaction. These are shown by qualitative argu- 
ments to be in agreement with the concept of the 
reactions given above. Variations with temperature 
and oxygen concentration of the apparent orders 
of the reactions as derived from initial rates and 
fractional life times are also shown to be in agree- 
ment with these ideas. 

Activation energies derived from the approxi- 
mate kinetics are found to be dependent on re- 
action temperature. ‘The average value, however, 
agrees well with that (47 kcal) for oxygen diffusion 
as determined from anelastic relaxation measure- 
ments on oxygen-doped Ge. 

Reactions of O in Ge containing Cu have been 
investigated. Evidence is given to show that two 
oxygen atoms per Cu atom associate or react with 
the Cu before the usual 
The kinetics of the latter 
order in 1 minus the donor fraction to the precision 
of the measurements. The energy 
(46 kcal) agrees with that for oxygen diffusion 
(47 kcal), thus indicating the diffusion-controlled 


generated. 


follow first 


donors are 


reaction 
activation 
nature of the reaction. 


A study of the disappearance of donors on long 
reaction leads to the conclusion that a parallel 


reaction consuming oxygen at precipitation centers 


occurs in addition to the series reactions discussed 


above. 


FULLER 
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Abstract—Neutron diffraction observations have been made on powder and single crystal samples of 


anhydrous CrCls at temperatures from 298 to 4°2°K. 


This hexagonal layer-type crystal undergoes 


a transition at 16-8°K to an antiferromagnetic state in which the magnetic moments within each 
hexagonal layer of metal ions are aligned parallel but adjacent layers of moments are oppositely 


directed. The axis of spontaneous sublattice magnetization is closely perpendicular to the c-axis. 
Observations of the (003) antiferromagnetic reflection in an external magnetic field show that the 


antiferromagnetism can be destroyed with fields of only a few kilo-oersteds, and lead to the con- 


clusion that a net magnetization can be produced with very small magnetic fields. 


INTRODUCTION 
THIS INVESTIGATION was undertaken to determine 
the existence of magnetic ordering in CrClg at 
low temperatures. This hexagonal layer-type crystal 
has been the subject of several magnetic investiga- 
tions™.2) carried out from room temperature to 
liquid helium temperatures. The paramagnetic 
susceptibility of CrClg exhibits a Curie-Weiss 
dependence with a positive paramagnetic Curie 
temperature. There is a susceptibility maximum 
in the vicinity of 20°K with a field dependent 
susceptibility that temperature. This 
anomalous behavior is of the same type as that 
observed for the structurally similar compounds 
FeCle, CoCle, and NiCle, and several attempts 


have been made to account for this behavior in 


below 


terms of proposed magnetic ordering ranging from 
antiferromagnetism:4) to two dimensional ferro- 
magnetism.) Recent neutron diffraction results 
show that FeCle and CoCle are antiferromagnetic 
at low temperatures, and that the structures consist 
of ferromagnetically aligned moments within each 
hexagonal layer but with adjacent layers coupled 
antiferromagnetically. It was therefore expected 
that the magnetic moments in CrClg would order 
in the same manner with a transition temperature 
corresponding to the A-type anomaly at 16-8°K 
in the specific heat data. ‘?»8) 


and xX 


CRYSTAL STRUCTURE 

The crystal structure of anhydrous CrClg was 
previously determined by X-ray methods, and a 
hexagonal unit cell of space group D? containing 
6 molecules was reported. The ions are located 
at the following positions: 6Cr 3 at (ua 1/3, 
2uu0, u2u 2/3) with u 8/9 and 5/9 and 18 CI at 
a; VY, x—y, Z+2/3; ¥, x, 

- 8/9, 
(}-26 


z) with x 
] Qg, g 
; 4/9. 2 0-26. The structure 
then consists of hexagonal nets of chromium ions 
separated by two hexagonal layers of chloride ions. 
This is quite similar to the CdCle type structure 
observed for FeCle, CoCle and NiCle except that 
here one third of the metal ion lattice positions are 
unoccupied. The lattice constants, Ap = 5-952 
and Co = 17-47 A, were determined by X-ray 
analysis for the samples used in this investiga- 
tion. 


SAMPLE PREPARATION 
In this hexagonal layer structure the metal ion 
layers are tightly bound to the two adjacent 
chloride layers, but the groups of MClg layers 
are held together by relatively weak van der 
Waal’s forces. As a result stacking faults easily 
occur in the process of crystallization, and the 





30 J. W. CABLE, M. K. 
crystallographic purity of a particular sample 
depends upon the method of preparation. For this 
material the best sample was obtained by vacuum 
sublimation of the dehydrated salt at a temperature 
of 700°C. Large quantities of sublimate were pre- 
pared so that sufficient 100-mesh sample could be 
obtained without the necessity for grinding, a 
process which also has been found to introduce 
stacking faults in such crystals. 

The CrCl single crystals were grown from the 
by sublimation of the anhydrous 


vapor phas¢ 


Temperature difference pattern for CrCls. 


material in t 950°C. The crystals ob- 


tained were in form of thin sheets with thick- 
| 


nesses of only :; thousan inch but 


would be 


with diameters as large as ich. As 


expect d from the ture of the 


chemical bonding, th¢ thin sheets lie parallel to 
the hexagonal layers of the crystal. 
EXPERIMENTAL RESULTS 
Powder samples 
The powder samples were sealed in cylindrical 
aluminum cells in a helium atmosphere and 
mounted in the low temperature cryostat of the 


neutron diffractometer. Neutron powder diffraction 
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patterns were obtained at temperatures ranging 
from 298 to 4:2°K. At room temperature the 
pattern was typical of a paramagnetic material, 
and the nuclear intensities were in qualitative 
agreement with the known crystal structure and 
scattering amplitudes. Exact quantitative agree- 
ment was not obtained because of a slight crystallo- 
graphic impurity and a sizeable preferred orienta- 
tion effect, which was made more pronounced by 
the use of high packing densities in an attempt to 
enhance the intensities. At 4-2°K additional Bragg 


1 


reflections and a decrease in the diffuse scattering 
were observed. These effects, due to the develop- 
ment of long range antiferromagnetic order, are 
shown in Fig. 1, where the data are presented as 
a difference pattern for results obtained above and 
below the transition temperature. Therefore, the 
reflections are due only to magnetic scattering; 
and the negative background, approximated by 
the dashed curve, represents the decrease in para- 
magnetic scattering upon ordering. To a first 
approximation this decrease in diffuse scattering 
is proportional to the square of the ordered moment 
and corresponds to a value of 2:82 + 0-20 pp 


(assuming the Cr** form factor) in agreement with 
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ingle Crystal of CrCl. 


Fic. 2. The (001) reflections from a single crystal of CrCls. 


that expected for the Cr*® ion with the oribital 
moment quenched. 

In the pattern of Fig. 1 the indices are based 
on a hexagonal magnetic unit cell with the same 
a-axis and twice the c-axis of the chemical unit 
cell. The reflections indicated are those allowed 
for a ferromagnetic-layer structure of the CoCle 
type, and qualitative agreement is observed. 
However, the intensities and resolution are such 
that the structure cannot be firmly established 
from these data. 

Temperature studies were made in order to 
the and the 
temperature dependence of the spontaneous sub- 


determine transition temperature 
lattice magnetization. Sample temperatures in the 
range of 4-2 to 25°K were maintained by means of 
a heater coil located above the sample and a thermal 


impedance between the sample and the helium 
bath, and they were measured with a calibrated 
copper-—constantan thermocouple. A Brillouin-type 
temperature dependence was observed for the 
intensity of the (003) magnetic reflection, and a 
Néel temperature of 17 
agreement with the anomaly at 16-8°K in the 


1°K was observed in 
specific heat data. 


Single crystal samples 

The powder data are consistent with but do not 
establish the ferromagnetic layer-type structure 
for CrClg. It was necessary to extend the investiga- 
tion to single crystal samples. 

The CrClg single crystals were so small that 
extreme precaution had to be taken to minimize 
background scattering. Therefore, they were not 
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mounted on the low temperature goniometer, @!) 


but were placed between two thin aluminum 
plates in a cylindrical aluminum cell with the 
(00/) crystal planes perpendicular to the plane of 
scattering. The (00/) reflections from a 0-004 in. 
thick crystal at 78°K and 4-2°K are shown in Fig. 
2. In the 78°K pattern the indices are for the 
hexagonal chemical cell and only the allowed re- 
observed. At 4:2°K additional (00/) 


reflections are observed and these are indexed on 


flections are 


the magnetic cell for which the c-axis must be 
doubled. 

For single crystals completely irradiated by the 
neutron beam the integrated intensity of an (hkl) 


: = 
reflection is given by 


KIpF2,, exp ( —2W 
Enxi Ang 


sin 20 
KIp the instrumental 


geometry and the particular crystal under observa- 


a 


which depends on 
tion, F’,x%; is the geometrical structure amplitude, 
the exponential is the Debye-Waller correction 
for thermal motion of the scattering centers, Ank 
is an absorption factor, and @ is the Bragg angle. 
For 


becomes an instrum¢ 


a fixed set of expe rimental conditions KIJo 
ntal constant which can be 
determined from the nucleat Since the 
CrClg crystal was so thin, Apz; was nearly the 


intensities. 


same for all reflections and was incorporated in 
Thermal 


a Debye characteristic tem- 


the instrumental constant. corrections 


were made 


perature of 405°K taken from the specific heat 


using 


data of HANSEN and GRIFFEL"). 

The experimentally determined values of KJ 
for the four observed nuclear reflections are plotted 
as a function of the chlorine positional parameter 
zin Fig. 3. The intersection of the curves gives the 
(130 + 6) and the para- 
0-005) which satisfy the 


constant 


0-2560 


instrumental 


meter (2 = 


above expression for the observed reflections. 


This value of the instrumental constant was then 
used in calculating the ordered moments from the 
intensities of the antiferromagnetic reflections. 
The model was that suggested by the powder data 
with adjacent layers of ferromagnetically aligned 
moments oppositely directed and the axis of 
directed the 


magnetization perpendicular to 
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c-axis. In calculating the moment values given 
in column three of Table 1 the Crt? form factor ™®) 
was used. The results show conclusively that the 
magnetic structure consists of ferromagnetically 
aligned moments within each hexagonal layer 


3. The instrumental constant, KJo, vs. the chloride 
for the observed (00/) nuclear in- 


tensities. 


Fic. 
ion parameter, 


with adjacent layers oppositely directed. The 
variation of the moment values obtained at differ- 
ent scattering angles indicates that the Cr+? form 
factor is not applicable to CrCls. A form factor 
somewhat lower at small angles and higher at the 


Table 1. Moment values calculated from the in- 
tensities of the (QOL) antiferromagnetic reflections 
from CrClg 


* 


001 Enk,(observed) p/Cr* ion 


00-3 ‘72 + 0-10 
00°9 3-04 - 0-20 
00-15 : 3-20 + 0:40 


* Assuming the Crt? form factor. 
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large angles would give better agreement between 
the moment values. Even so, the moment values 
obtained are close to the spin only moment for 
the Crt ion. 


Magnetic field effects 

Among the anomalous magnetic properties of 
the so-called metamagnetic materials (FeCle, 
CoCle, NiCle, and CrClg) is the attainment of 


large net magnetizations with magnetic fields that 


Fic. 4+. The effect of a magne 


the (003) antiferromagnetic 


field was applied parallel to the c-axis of the 


are much smaller than those which would be 
anticipated from the Néel temperatures. Previous 
neutron diffraction measurements have indicated 
that in FeCle and CoCle there is a strong intralaye1 
ferromagnetic interaction and a much weaker 
interlayer antiferromagnetic interaction, and that 
the magnetization of these materials is accom- 
plished by overcoming only the weak antiferro- 


For 


CrClg very steep magnetization curves, similar to 


magnetic interaction between the layers. 


those of ferromagnetic materials, have been ob- 
served at liquid hydrogen”) and liquid helium 
temperatures.*) Since the magnetization is 


Cc 
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accompanied by a disruption of the antiferromag- 
netic lattice, it is possible to observe the effect 
by measuring the antiferromagnetic intensities 
when an external field is applied. This has been 
done for both the powder and single crystal 
samples, and a typical curve is shown in Fig. 4. 
This curve shows the variation in the intensity 
of the (003) antiferromagnetic reflection from the 
single crystal of CrClg with the magnetic field 
applied parallel to the c-axis and that essentially 


tic field on the intensity of 


CrCls. The 
crystal. 


reflection from 


a complete disruption of the antiferromagnetic 
with 5-4 kOe. Since in 


field the moments are directed normal to the c-axis 


lattice is obtained zero 
these results indicate that the net magnetization 
observed at small fields is produced by a simple 
rotation of the 
the field. If & is defined as the angle between the 
then the 


moments into the direction of 
moments and the field direction (c-axis) 
magnetization varies as cos ws. The (003) intensity, 


which is proportional to the square of the com- 


ponent of the moment in the layer, varies as sin? 


and decreases rapidly as the magnetization pro- 
ceeds. Within experimental error the observed 
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intensity variation corresponds to a linear magneti- 
zation with field up to 5-0 kOe where 93 + 4 per 
cent saturation is obtained. Presumably, a much 
smaller field would be required for saturation if it 
were applied normal to the c-axis (i.e. within the 
plane of the moments). ‘This was not possible in 


the apparatus used because of geometrical limita- 
tions; however, displacement of the field direction 
to an angle 26° from the c-axis lowered the field 
required to extinguish the (003) antiferromagnetic 
reflection from 5-4 to 3-4 kOe. 


DISCUSSION 

In the crystal structure of CrCls each metal 
ion is surrounded by an octahedral arrangement 
of chloride ions, three in each of the adjacent 
layers, and by three metal ions in the same layer. 
The magnetic structure of CrClg is indicative of a 
ferromagnetic interaction within the metal ion 
layers and an antiferromagnetic interaction be- 
tween layers. The intralayer interaction may be 
due to direct exchange involving overlap of the 
tog cation orbitals or to indirect exchange via the 
anions. The relevant Cr—Cl—Cr angle of about 
92° is highly unfavorable for the usual type of in- 
direct exchange involving co-type overlap of the 
ég cation orbitals with the p-anion orbitals so that 
any indirect exchange probably involves z-type 
overlap of the fag cation orbitals with the p-anion 
orbitals. The large separation of the chromic ions 
in adjacent layers (6-15 A) is suggestive of indirect 
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exchange via two intervening anions for the inter- 
layer interaction. ‘This interaction is extremely 
weak as indicated by the small field required to 


break it down. 
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Abstract—An analysis is made of the process whereby diffusion effects can cause the precipitation 
of grains of a second phase in a supersaturated solid solution. The kinetics of this type of grain 
growth are examined in detail. Some grains grow, only to be later dissolved; others increase in size 
and incorporate further grains that they encounter in so doing. This latter phenomenon of coalescence 
is discussed in a new “‘kinetic’’ approximation. Formulae are given for the asymptotic grain size 
distribution, for the number of grains per unit volume and for the supersaturation as a function of 
time. The effects of anisotropy, strain, crystalline order and the finite size of the specimen are 
allowed for. It is pointed out that for a material that can be said to be “supersaturated with vac- 
ancies’’, the discussion can be applied to the vacancies as solute ‘‘atoms’’ which cluster together to 
form internal cavities. The practical case of a real, finite crystal is here important, because the 
vacancies can in general also escape to the surface. A special analysis is made of this example, and the 


results are applied to the theory of sintering. 


1. FORMULATION OF THE PROBLEM and the results contain meaningless logarithmic 
IN A supersaturated solid solution, diffusion effects divergencies. A satisfactory solution was first given 
may bring about the formation of grains of a new _1n our paper of 1958, in which the mode of arrival 
phase. Two stages of this process may be distin- 0! the system at the asymptotic distribution of 
guished. In the first, concentration fluctuations grain sizes was analysed in detail. ‘The results of 
produce nuclei of the new phase, which grow this earlier study are rederived herein by a rather 
directly from the supersaturated medium. The different method, using the more accurate “kinetic 
second stage may be considered to begin when the approximation’? which allows the stability of the 
grains thus formed have reached an appreciable size | a8ymptotic solutions to be examined. We also con- 
and the degree of supersaturation of the matrix has sider the effect on coalescence of various factors 
become very slight. In such circumstances the such as anisotropy and internal strain. 
determining process is that of coalescence, i.e. the In the first instance we shall simplify matters by 
growth of large grains of the new phase by the ignoring anisotropy and considering the grains to 
incorporation of small ones. Fluctuation effects be spherical. The actual shape of real grains may 
play a negligible part in the second stage, as new be taken into account by adjusting certain numer- 
nuclei, to be of any importance, would need to be ical constants in the relevant formulae. 
of macroscopic o> eae Fundamental equations 
‘he kinetics of this coalescence process are con- SE EEE Se ee 
solution, and « = (20/kT)vC,, is a parameter 
containing the inter-phase surface tension o and 


sidered in what follows. Some years ago, ‘Topgs":2) 
discussed a similar phenomenon and correctly 
arrived at various qualitative conclusions.+ Un- 


the atomic volume v of the solute, the equilibrium 


fortunately his quantitative argument is in error , ' . 
, I 8 concentration Cr at the boundary of a grain is 


related to the grain radius by the usual formula: 
* Translated by R. D. Lowpe. 
+A similar problem has also been considered by , : (1) 
GREENWOOD(®) but not to the same extent. 
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supersaturation is small, so that 


or the present we may 


} 


between grains since 


their 
compared with the mean 
Then the diffusion current 


lary is given, per 


: A 
Rl 


therefore varies with 


2) 
Thus for every supersaturation there 
itical radiu x/A which a 
the solution. If 
if ee < ie it 


hanism also explains 


1 
existS a ¢ with 


equilibrium with 


dissolves. 


gpTall 


grows, 
[his obvious mec vhy large 
prains Can 
Both \ ar 

Writing 
Reo 7. Ao 


7 R° /aFD, we now go over to dimensionless re- 


*s 7 7 2 
small ones by incorporation. 
| > «} ] 
da Ae, themsely 
Ap for 


: ; 
for the 1 


es vary with time. 


the initial supersaturation, 
itial critical radius, and 


, 
duced magnitudes 


(3) 


in which x(t) is a dimensionless critical radius such 
that «(0) 1. We 
f(p®, t) which within a 
distribution function of the grains, 


Vy 


now introduce a function 


factor 47 is the volume 
and the 


dp*/dt of growth of the grains in dimension 


rate 


* The equation contains 
the concentration 


that 


or ot 
It is 
initial 


the stationary value dC 


1 


gradient at the grain boundary 
procedure is valid if 


thi the 
oa 


is small (Ao < 1). 


easily shown 
supersaturation 


If the 


process 


grains are aspherical, but in the later stages of 


the grow in such a way as to their 


shape due to an anisotropy in «, then equation (2) and all 


preserve 


quantitative deductions from it remain correct so long as 
R is interpreted as (3V//47)!/*, with V the grain volume, 
and a, « and & are modified to the extent of numerical 
factors depending on the shape in question. 


and V. 
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2 


space. The unknown functions /(p, ¢) and x(t) may 
be determined as follows: from the equation of con- 


tinuity in dimension space, 


c 


—(fvp) = 0, (4) 


ot Cp 


while from the conservation of matter 


Oo A4 q. 


~ 


Ao - YO 


Qo is the total initial supersaturation, making 
allowance through a term go for the volume of 


material initially in the grains. We have 


Bearing in mind that x \p/A, it follows that 


tk? O-1 

a7 Ro 0° 
A normalization to unit volume has here been per- 
formed, so that 


f dp? 


0 
is the number of grains per unit volume. It follows 


that the distribution function F(p, t) over the 
dimension p is related to f(p?, t) by 


F(p, t) dp 
F(p, t) 


2. TIME VARIATION OF THE CRITICAL DIMEN- 
SIONS AND THE ASYMPTOTIC FORM OF THE 
DISTRIBUTION FUNCTION IN HYDRODYNAMIC 
APPROXIMATION 

Along an axis in dimension space representing 
grain volume, the point p* (which apart from a 
factor 47 is the volume of some given grain) moves 
according to the following prescription. Points to 
the left of x°(t) accelerate to the left, until on 
reaching the origin they fall out of consideration, 
Points 
initially to the right of x(t) accelerate at first to the 


the grain having completely dissolved. 
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right; but as the degree of supersaturation falls, 
x3(t) increases and successively overtakes points 
that in the first instance were to the right of it. 
After being overtaken, such points begin to move 
in the opposite direction and finally also disappear 
into the origin. The motion is throughout regular 
in the sense that the initial order of a set of points is 
preserved. 


Canonical form of the equations 

Both the form of equation (3) and the physical 
meaning of x(t) suggest that it would be more 
natural to express equations (3)-(5) in terms of a 
reduced volume 


that compares p® with the critical volume x. 
Moreover, as ¢ 0, AJ, x(t) —> 00; 
thus x(t) may be used as a measure of time. It now 
appears that (3), (4) and (5) take on canonical form 


so that 


if time is introduced through the variable 
7 = In x3(t) (7) 


and a new volume distribution function ¢ is em- 


ployed such that 
$(z, 7) dz = f(p?, t) dp. (3) 


Using (6), (7) and (8), equations (3), (4) and (5) 
become respectively 


C db ¢ 


—vr(z, y) = 0, 


Yo 


$lt-7 =0 = fo(2), 


If the solution of (10) under the initial condition 
2|r=9 = y be written 2(y, 7), then (11) may be 


expressed in terms of the initial distribution func- 
tion fo(z) thus: 

x 

| fo(v)2(y, 7) dy. 


y,(7) 


Ao 


—e (12) 
Oo 


7/3 = Ke™ 


Here yo(r) is the solution of z[yo(r), 7] = 0, ice. 
the lower limit of the range of starting volumes 
appropriate to grains that are still undissolved at 
time T. 


The asymptotic solution 

As it will be shown that 4(z, 7) is asy mptotically 
independent of fo(y), the unknown functions are 
now ¢4(z, 7) and (7). 

The supersaturation A(t) decreases monotonic- 
ally with time, and therefore 1/x(t) does the same. 
There are therefore only three possibilities for the 
asymptotic behaviour of y(7) as 7—> 00, viz. 
y(t) —> 00, 0 or constant. We shall show that the 
first two do not apply. 

(i) y(r) — 00 as tr — o. In this case, x3(t) varies 
more slowly than ¢. The ultimate number of grains 
per unit volume is associated with a rate dz/dr > 0, 
which implies 


x 


| A(z, 7)z dz > const. 


0 


The amount of matter in grain form at 7 


therefore be 


gq > const. e7 


so that (11) is not satisfied. 

(ii) y(r) > 0 
quickly than ¢. 
solution of (10) in this case is 


as T—> OO, 1.e. x(t) varies more 


At sufficiently large times the 


From the condition z[yo(7), 7] = 
T 


yo(T) = 
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the amount of matter in grain form at 7 — © is 


y x 


g=e | foly)z(¥,7) dy < | foly)y dy = 


Thus equation (12) cannot be satisfied [nor indeed 
equation (11)]. 
It follows that (7) must tend asymptotically to 


some constant value yo, and this we now proceed 


to determine, together with the asymptotic form of 


d(z, 7). We first remark that at such times as y(t) 
be put constant in equation (9), the general 


1 of (9) Is 


an arbitrary function. Substituting this 


ilt into (11) it will be seen that if the first part 
is to be asymptotically time-independent, y must 


have the torm 


Thus of , T) must tend 
D(z, 7 


So tar ined only the asymptotic 


i We now turn to the deter- 


dependence ot d on 
tion of Ve to! wh Wwe write out the 
(9)-(11): 


mina asymp- 


totic forms Of equation 


const; 


(16) 


k | Oz dz. 


0 


Examination of equation (15) shows that to satisfy 
(17), P(z, y) can be different from zero only in the 


and V. 


V. SLYOZOV 
ultimate phase of change of z; for otherwise 


x 
Oz dz 


0 


would be logarithmically divergent, irrespective of 
the detailed nature of ®. For such a solution to 
exist and to be continuous and finite over the 
whole range of changing z, it would appear suffici- 
ent that ® and its first derivative go to zero at some 
point z = z9 and beyond this point join onto a 
constant zero. Solutions of this type can formally 
be found, and correspond to values of y > yo. 


Fic. 1. 


However, in Section 3 it will be shown that these 


solutions are unstable when the encounters be- 


tween different grains are taken into account. It 


] 


turns out that the only stable solution is that for 


which ®(z, y) and all its derivatives go to zero at 
zo, so that to the right of z9 the solution is identic- 
ally zero. Further inspection of equation (15) now 
shows that the stable solution corresponds to a 
yo such that the rate of change 
zo. Using, 


value of y 
v(z, yo) has a second order zero at 2 


therefore, the conditions 


we find 
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The present results may be interpreted in the 
light of Fig. 1, which shows v(z, y) as a function of 
z for various values of y. If y < yo, the representa- 
tive points of all grains move to the left and dis- 
appear into the origin. The grains in existence at 
any given time comprise asymptotically a volume 
distribution in the form of an infinitely long 
“tail” to the initial distribution function, falling 
off with z faster than 2-2; therefore, the total 
amount of material in grain form tends to zero: 


1 
~ | aar9 
J. y@ 
vin) ~ 


instead of to a constant value. If on the other hand 
y > yo, all grains to the right of a point 21 move 
towards the point z2, with the result* that 


q ~ et {| foly)a(y, 7) dy 


Fi 


ow 


~ eT So(y)z2 dy 


“— 


~ const. e7 
(18) 


this again contradicting the conditions of the 
problem. Thus only the case y = yo remains valid. 
(2, yo) has the form 


————— 


2(2, Yo) 


(19) 
in which 
&(2, Yo) = — (2, yo) (20) 


* Even if @(z, yo) = 0 for z > 21 at the outset, the 
encounters between grains treated in Section 3 produce 
grains in the region z > 21, to which this conclusion then 
applies. 


Zz 
e dz 
——. = 4In(21/3+3)+ 8 In(8—21/8)+ 
6 8(2, Yo) 


+(1 <r 21 3)-1_— In(38 —5 2e); (21) 


_ 3Qo 
er WTR TT 
4rR3,(1-11) 


S(2, Yo) 


Higher approximations 

From a general point of view, we have found 
¢(z, 7) and y(7) only in the zero approximation, 
this being the most interesting in practice. More 
accurate expressions for these quantities are de- 
rived in the appendices. Here we remark only that 
in the accurate equation y = yo, all points lying to 
the right of the point of contact z9 = 22 and mov- 
ing to the left are found to be unable to pass across 
%0; they are, so to speak, “‘caught’’ there with the 
result that the quantity of matter 

q~ é' reg XK 

and equation (11) cannot be satisfied. The con- 
clusion is that y(7) tends to yo from below: 


Wr) = voll —€*(7)], 


It follows that the “leakage” across 29 of points 
approaching 2 from the right takes place more and 
more slowly with the passage of time, the exact 
rate depending on ¢?, which like y(r) itself must be 
determined from equation (11) and the equation of 
motion (10). 

In the next approximation, ¢(z, 7) is not zero to 
the right of the “blocking” point zo, but is some 
function governed by the initial distribution func- 
tion fo(z). However, as + — 00, it is increasingly 
dominated by its infinitely long tail and its total 
contribution in equation (11) tends to zero. We 
now see that in the region of the blocking point zo, 
every initial distribution function is transformed 
into a unique universal function, z9 becoming a 
sink for points with z > 2 and a source for points 
with z < 2. (The latter set of points have their 
sink at the origin.) 
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The results summarised 


is the probability that a grain shall have a reduced 

The basic results of this section may now be Volume between z and z+dz. Fig. 2 shows 
written out explicitly. The complete volume dis- p*(z4 ”, YO) P(%, Yo) - (dz/dz'/8), the probability 
its 


(R/x) and (R/x)+d(R/x), as a function of z1/3, 
Further, from the fact that 


tribution function has the form that a grain has mean dimension between 


from’ which it follows that 


p gl/3x 


To obtain the distribution function relating to the 
absolute dimension p of the grains, we need only 
replace z in (22) by [p#/x9(t)] and divide by 


(27) 


Inserting the original parameters, and remember- 
ing that according to (26), z R3/R®, we obtain 


f(R3, t) = n(t)p(R/R)R-, 


n(t) BOoR? Bi-1, with 





If measurements are to be made on a section of the 
material it is convenient to transform the volume 
distribution function @(z, 7) into a distribution 
function over the apparent dimension 7 of the 
grains as revealed on the surface of the section. 
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Writing / = (r/x), this latter function is defined by 


| 
F(l,7r) dl = O(r,7) dr; Or, r) = - 
x 


and is easily shown to be 


Fic. 3. 
The degree of supersaturation at time ¢ is given 


2\ 2/3 T\1/ 


eg Ao: (—] = Xt-1/8, (29) 
with 
A = (3)2/8(a2/D)'/3 


Range of validity of the formulae 

The above formulae completely determine the 
asymptotic distribution as a function of grain 
dimension and time. As shown in the appendix, 


they are valid when 


1 <7 - 9fIn(R/Reo) 2, R> Ro. 


In this inequality, Reo = «/Ao is the 
critical radius for coalescence, corresponding to the 
starting supersaturation Ao. It will be realised that 


= (In x3)? 


initial 


41 


if at the outset the mean grain dimensions are of 
the order of the critical size (Ko ~ Ro), then this 
latter dimension must appear in the condition. 
However, if Ko > R.o, then the first stage of 
development consists in a growth of grains directly 
from the solution, which goes on until the degree 
of supersaturation has so fallen that the critical 
radius has caught up with the mean grain size 
(Ri ~ Re); thereafter, strictly speaking, coal- 
escence supervenes. In this case, R, plays the part 
of an initial dimension. The critical size is governed 
not only by the initial supersaturation, but also by 


Fic. 4. 


the number of grain nuclei (where this can be con- 
are to 


w/o, 


sidered a fixed quantity). Thus if there 
> Reo 


until 


begin with mp nuclei, and Ro 
growth from the solution takes place 


Ao 


4 
~7 Ry? ~ 


No 
In this first stage, 
LR? a 
, 9 2 
; 2 (Ao 47ngR®) 2 DAo l | 
at I 
and this development occupies a time 
ty = R\? Do. 
The initial processes of the second stage (coal- 
escence) have a characteristic time 
to ~ RyP/Da ~ t1(R1/Reo) 


when, as in the situation discussed, R; > Reo, 1.€. 


to > ty. Fig. 4 shows schematically the mean 


dimensions as a function of time for this case. 
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Influence of other effects 

We have so far ignored a number of second- 
order effects such as that of grain shape, crystalline 
order, and the elastic strain that results from a 
difference between the specific volumes of the 
grains and the matrix. These matters are examined 
in detail in a companion paper in the Journal of 
Solid State Physics,®) in which we show that the 
qualitative conclusions of the present study are 
unaffected. 

For instance, if the grains initially have a 
variety of shapes, we find that at sufficiently great 
times the only shape to survive is the most favour- 
able one, which gives the greatest growth rate. All 
the conclusions of this Section still apply in the 
asymptotic situation. 

Again, if the growth of a grain produces an 
elastic deformation of its surroundings, there will 
be an effect on the diffusion rate. We find™ that 
this may be taken into account merely by replacing 
C,, Z and « by certain effective values: 


y 


respectively, where 
0€ | 


Y = (kT) lf u—éy- : 
oc c=0 


p= 


3[(1+.0)+2n(1—o)] RT 


Here &, is the elastic energy per atom in the 
grain, &y; the same quantity in the surroundings; 
E is Young’s modulus, and nm = E;/Ey; o is 
Poisson’s ratio; V is the volume per atom in the 
grain, and AV the difference between the volumes 
per atom of the grain and the surrounding medium. 

The possibility of order in the atomic arrange- 
ment we allow for in the case where the energy 
required to jump an atom from one sublattice to 
the other is rather large, so that there can be said to 
exist two essentially unrelated diffusion fluxes. The 
flux of particles to the grain is then treated exactly 


and V. V. 
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as above, except that J is further replaced by 
22D2 

Git Dn 


the suffixes 1 and 2 referring to the individual sub- 
lattices separately. 

These second-order effects, therefore, call for 
no more than a re-expression of certain parameters 
in the theory. They do not alter the asymptotic 
grain size distribution function or influence its 
therefore, is 


our solution, 


stability; 
universal. 


present 


3. ENCOUNTERS BETWEEN GRAINS, IN KINETIC 
APPROXIMATION 

Equations (1) and (3) are characteristic results 
of applying the “hydrodynamic’”’ approximation to 
our problem, while equation (10) expresses the 
rate of volume change (dz/dr) = —g(z, 7) at any 
time as a function of the mean supersaturation 
A(r). These equations, however, make no allow- 
ance for the concentration gradient near a grain 
that is in a state of changing volume. In fact, due to 
local variations of concentration the rates of 
volume change are not exactly equal to the mean 
value —g. 

The complication thus introduced can be over- 
come, using the idea of “encounters” between 
grains. An encounter is a situation in which two or 
more grains find themselves separated by a distance 
that is less than their mean linear dimension, and 
either unite directly or at least undergo a diffusion 
interaction. The discussion may be said to in- 
troduce a “kinetic approximation’. 

In the treatment of Section 2, the stable 
asymptotic volume distribution was derived by an 
argument which revolved round the leaking of 
across a blocking point 


representative points z 
the effect of 


20 = 22. Now encounters have 
carrying representative points across this barrier, 
and so the whole problem of their influence on the 
asymptotic distribution must be examined closely. 
This is true even if the over-all supersaturation 1s 
small and encounters are a rare phenomenon. 
Treatment of encounters 

In the ordinary physical space of the material 


we take the origin of coordinates in the middle of 
some chosen grain and use a reduced position 
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vector € = r/R,(t). Although the centres of the 
other grains are fixed in the lattice, the fact that 
R(t) — 0 means that in reduced coordinates all 
grains draw closer together and move radially 
towards the selected one. Of course, the majority 
of the grains disappear before reaching the origin 
and do not have encounters. 
We also employ a reduced distribution function 
f and a reduced grain density . which refer to a 
unit of volume such that (° = 1. They are related 
to the earlier quantities ¢ and m through: 
f = Ri(t)b = er, 
MN = RXt)n = etn. 
Since practically the whole excess of the dissolved 
material eventually collects into grains such that 
n~e-™, NM approaches a constant value as 
t — oo. It follows that the probability per unit time 


of an encounter in a reduced unit of volume be- 


comes time-independent. Writing the number of 
encounters, per unit time per reduced volume unit, 
between grains of dimension in the range z to 
z+dz and grains of dimension 2’ as 


yo I (2')p(z, 2’) f(z) dz, 


an encounter-probability distribution 
p(z, 2’) is defined. 

p(z, 2’) may be expressed in the form p 
w(z, 2’)/7e, with ze a characteristic time for en- 
counters, and w(z, 2’) a reduced volume centred 


function 


around a grain z, over which the interaction with 
one of the grains 2’ may be held to occur. It is not 
difficult to show that to order of magnitude, 

~ Z+2', i.e. is given by the over-all reduced 
volume of the two grains. 7, must be of the order 
of unity, inasmuch as all the parameters are of the 
order of unity both in the initial condition 

= Zo and in the equation 


dz 


— a — yk 
dr 


/ wis 


that describes the dissolution of the lesser grain. 
When two grains meet, the greater of them 
absorbs the lesser, and their total volume is ap- 
proximately conserved. A certain fraction of the 
material may in fact go back into solution, but it 
will be obvious that nothing is essentially changed 
if we ignore this detail. For if the effects of en- 
counters are to be allowed for, the first approximate 


equality in (18) must contain a term corresponding 
to the total “encounter integral”’ 


(The factor 4 is necessary, because without it each 
encounter would be reckoned twice.) Taking ad- 
vantage of the fact that w(z, 2’) is symmetric with 
respect to a transposition of its arguments, it is 
easy to show that although the number of grains 
is reduced by encounters, the volume is conserved: 


The distribution function 

Returning for the moment to equation (17), it 
will be observed that f is dependent on the small 
parameter 1/x. To bring out more clearly its 
dependence on the small parameter Qo we intro- 


duce the function 
(p yf. 


Using this variable, a complete set of equations 
controlling the system can now be written out with 
full allowance for encounters. The equations have 


the asymptotic form: 





M. LIFSHITZ 


(32) 


y successive approximation, 


using the fact that Zo iS small. 


At this point we may usefully notice that both 


1c analysis of Section 2 and directly from 


cal arguments one must expect that the new 
iderations reduce y below yo. For in the terms 
rlier discussion, grains that are carried 


Do : 


1 : 4 
8) irrler-poll 


of 


1 
by encounters have a 


30) 
) } | 
propal 


ility leaking back, and this 


implies vo. We shall now show that the zero- 
ipproximation is equivalent to taking the 
of the and with 


and that this is equation (19). Indeed, the 


orde :: 


(31) without first part 


solution 


ution of the homogeneous equation with ) v0 


7 
501 
/ 


ds 


doe s not satisly (32), 


is then logarithmical 


[f » 


continuous and 


ly divergent. 


1 
yo, a solution may be 


lids 


and which is different 
() for 2 


over the whole range of gz, 


from zero only for 21 


. 2(2, Y) 


ind 22, 22 > 81, 


otherwis« 
x 
| Dz dz 


0 


will diverge at zo. In the neighbourhood of z 
D(z, vy) behaves like 


(2—2}) 


constructed that is 


a continuous first derivative 


an 


V. SLYOZOV 


d 


so that for (3yo)-2+yo > y > yo a solution of the 
type mentioned is possible; it is, however, unstable 
in respect of the first term in equation (31), since 


in the next higher approximation it is 


é 


| Fel /(2’, y) Je” dz’} 


P(z, y) 

&(2; Y) 
and diverges at g = 29. This also shows that (19) is 
the only stable solution of (15). 

Taking, therefore, (19) as the zero-order solu- 


tion, the encounter integral becomes 


3 Oo 


ay) | 
YO) | 


Mo(z, yo). 
The method of successive approximation must 
consist in refining the value of 
7 


D)9;+ 


- I [Po], 


i 


Dizd 


so that 


(:D; 
g(: 


the convergence of 
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requires c = 0. A refined value of y is found from 
the condition 

o 

| Oz dz = 1. 


0 


The desired solution of (34) is accordingly 


(35) may be confirmed without difficulty if one 
remembers that f(z, y) and its first derivative go to 
zero at g = 220, so that the first equation in (34) is 
satisfied over the whole range of z. 

Explicitly, we have shown that in first approxi- 


mation 


These formulae take into account the fact that 
where Ay <l, yb sharply in the 
neighbourhood of 20 
smoothly, with p*(z, y) = o(z, yo); in this condi- 
tion A = 3n(#Ay/yo)7!/*. It follows that 

z > 20, f(z) ~ Qo. There is, of course, a smooth 


increases 


and thereafter varies 


where 


transition between the two regions z < 2% and 


The next approximation to the distribution 
function may be obtained by substituting (36) back 
into the encounter integral; by iteration, the 
distribution function can be determined to any 


desired accuracy. 


Dependence on the initial supersaturation 

It is interesting to see that if in each interval 
nz < % < (n+1)%9 we retain only the terms in 
the lowest power of Qo, the solution may be written 


) 


f(z) = Q2/%0 + (2). (37 


\ 


&(z) in (37) can be determined within each interval; 
for instance, in the range 0 2g 2209 we deter- 
mined it above. Physically, this type of dependence 
on Qo may be traced to the fact that the number of 
grains of magnitude z is continually augmented by 
the agglomeration of smaller grains having total 
volume 2g+25 = 2. 

The form of (37) makes it apparent that to an 


/ 
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order of accuracy Qo, the principal contribution in 
equation (34a) comes from the distribution func- 
tion in the region z < 29. Using this fact, we can 
determine the asymptotic dependence of Ay on Qo 


as follows: 
300 
4a 


Now 


(38) may be rewritten 


because 7 vo—Ay differs little from yo, 


THE EFFECT OF CRYSTAL BOUNDARIES, 
AND THE THEORY OF SINTERING 

The supersaturated crystal studied in Sections 

1-3 was by implication unrestricted in size, and 

therefore contained no gross diffusion currents on 


a macroscopic scale. If we now remove the con- 


dition of over-all spatial uniformity, the problem is 
altered. The most important practical example of 
this more complicated situation is provided by an 
solution and 


interphase boundary between the 


some other phase, which might be, for instance, a 
crystal of pure solute, or more generally perhaps a 
crystal of the same phase whose precipitation is 
being considered. At such a boundary, the super- 
saturation Al; ~9 = 0 and macroscopic diffusion 


currents exist. 


V acancies 

An important special case is that of a crystal 
supersaturated with vacancies, in which our dis- 
cussion can be applied to the vacancies as solute 
“‘atoms’’ which cluster together to form cavities 


playing the part of our grains. If such a crystal has 


and V. V. 


SLYOZOV 


free surface, two competing processes will take 
place. Far from the surface, cavities will grow and 
coalesce according to the scheme developed in the 
earlier sections; on the other hand, near the border 
the cavities will tend to dissolve and the vacancies 
to diffuse to the surface. (The surface can be re- 
garded as a cavity of infinite radius.) This dis- 
lodgment of cavities is also connected with the 
phenomenon of sintering. 

In the remainder of this section we often refer 
expressly to the particular example of vacancy 
diffusion, although it is to be understood that the 
results are equally applicable to the more general 


case of a supersaturated solution. 


Allowance for the crystal surface 

Consider the situation in a half-space. Equation 
(3) for the grain growth and the distribution func- 
tion (4) will still apply, and so will their equivalents 
(9) and (10). the 
Oo A+q that underlies equations (5) and (12) 
must be replaced by a diffusion equation. Each 


However, conservation law 


point of coordinate / is now a source or sink of 
because the 


intensity @g/et, and gq is now 4q(/, t) 


cavities are on the whole dissolving. The complete 
set of equations is properly 


0, (41) 


Ao 
2[ vo(7), 7 | UO, ‘ ° 
A(/, t) 

in which 2(y, ¢) satisfies (10) and itself determines 
the form of A(/, £). 

It will be remembered from Section 2 that the 
analysis led to a unique law for the decay of 
supersaturation [equation (29)]: 


A = Aris, 


This means in principle that if the asymptotic fall 
of the supersaturation were to be in some way 
retarded, however slightly, a process of limitless 
- co, Alter- 
natively, an indefinitely small artificial increase in 


grain growth would set in and q- 


the rate of decay below the ¢-!/3 law must fairly 





THE KINETICS OF PRECIPITATION FROM SUPERSATURATED SOLID SOLUTIONS 


quickly result in the total dissolution of all grains 
(q 0). The mechanism of sintering is obviously 
related to this fact, and at least asymptotically 
must admit of the following discussion. 


Reduction of the problem 
There are, asymptotically, three fairly sharply 
defined regions in a supersaturated half-space: 


(a) the farthest from the boundary, in a range 
lp < 1 < oo. Here the influence of the boundary is 
negligible, and as with an infinite medium the 
supersaturation is given by (29); 

(b) a region 1; < 1 < kk in which the cavities 
(grains) have a general tendency to dissolve; and 

(c) the region 0 < / < J; in which there are no 
cavities (grains) at all, but an over-all diffusion of 
vacancies to the side. 


The limiting distances 4(t) and /:(t) are situated 
well inside the crystal, and the skin layer that is 
free from cavities thickens continually. 

Strictly speaking, equations (41) and (42) should 
be applied only to the intermediate 
1, < 1 < lg. However, it will be shown below that 
(l2—h)/1 < 1. For a first approximation we shall 
accordingly, consider an average depth {(t) = 
3(4+/2), and by imposing some suitable boundary 
condition at { shall evaluate its magnitude and the 
vacancy concentration in the surface layer 
0</< ¢t). For this purpose the intermediate 
region may effectively be replaced by a source of 
strength Qo(d¢/dt) at £, beyond which all the excess 
vacancies may be said to be in the cavities. Then 
we may say: 


region 


oA o2A 
no we 7 = . 


ot ol? 


A solution of (38) is now required subject to the 
condition A]; = 9 = 0. On seeking it in the form 


San (t)l”, 


=1 


A= 


(39) gives 


—. pra(t) _. tal 
- aaiaaia -[2n+1, Pp = — —, 
— (2n+1)! D at 


Before imposing the other two boundary condi- 
tions it is helpful to notice that «(t) is the flux of 
particles at the surface: 


oA 
a(t) = D— , 
él |1=0 
Asymptotically, therefore, it must be a decreasing 
function of time, which suggests using the 
asymptotic form «;(¢) = B/t*, (s > 0). Application 
of (42) now yields 


[ 2 [2 \™ s(s+1)... (s4 
A = B- > (-1)(—} es 
Rt 


id n=0 


It follows that at large ¢ the principal term in (45) 
is that with nm = 0; 
Bl 


A =— = a(t): 1. 
ts 


(46) 


Substituting now (41) into (39) we find 
af = At-1/3, 
Oo dt 


“1 = 


and therefore 


O1/2 
wil, 


= At-1/3]/f = smQ) 2q1/3]( Dt)-2/8; 
m = 31/2(3)1/3 = 2, (47) 


Orders of magnitude 


It remains to determine the width of the inter- 
mediate region. By (43), 


Ta(t) 


a ’ 


Jot 
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where 7g is the time required to dissolve the 


largest grain to be found on the boundary at time ¢. 
3R,, and R? ~ 72, A simple calcula- 


Now Rmax 
shows that in the equation of motion (10), 
z The largest grain has 


3(dt dx?) : 2 4 <~ Yo- 


and we deduce that it dissolves in a time 


tion 


Lt. Thus 


oc 
Ma (50) 
4 J 6 


on 
with Z the mean distance between grains. Con- 
sequently 

L>R. 
Although, therefore, the intermediate region is 
much thinner than the surface layer its width is 
considerably greater than both the mean cavity 
and the distance between cavities 
(grains). The assumptions we made for equations 
(43) and (44) are therefore justified post facto. 


The characteristic times associated with equa- 


S1zZe mean 


tion (47) are the same as those for the asymptotic 
equations describing coalescence in an infinite 


medium. 


A further restriction 

If the discussion for a half-space is now taken 
over to a specimen of finite size, as of course in 
practice, it must be realized that there is another 
condition to satisfy. For example, consider a plate- 
shaped layer of thickness a. Three characteristic 
times may be defined: that for the escape of vac- 
ancies to the surface, 7) ~ a?/G; that for the 
erowth of cavities from solution, 7; ~ Rj2/PDAo (as 
shown 1n Section 2); and the characteristic time for 
To ~ R3 Lt. 
apply, To must necessarily be much greater than 
Tc, so that a? R;/«; the inequality is written in 


this form because the mean cavity dimensions must 


coalescence, For our picture to 


be those appropriate to the situation after coal- 


escence has set in, i.e. R > Rj. In the opposite 


LIFSHITZ and V. V. 
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limiting case, when To < 7}, the vacancies are lost 
to the surface before cavities can be formed with 
any appreciable probability. In the intermediate 
situation where a2 ~ R° x, the exact course of 
events will be heavily influenced by the initial 
distribution function and is not amenable to a 


general discussion. 


5. SUMMARY 

1, An investigation is made of the way in which, 
in a supersaturated solid solution, grains of a new 
phase grow as the result of diffusion processes. 
The final stage of the process is examined in 
particular. A critical dimension x is determined 
such that large grains having dimension p > x 
grow at the expense of small ones with p < x. 

2. At large times ¢ the critical dimension x tends 
asymptotically to depend on time as 71/3, The 
degree of supersaturation correspondingly falls 
as t-1/3 and the number of grains as ¢-1. 

3. A detailed picture of the law of grain growth 
is provided by the distribution function of grain 
dimensions. With the passage of time this distri- 
bution approaches a certain universal function 
[equations (22-24)] irrespective of the initial 
distribution. This function is remarkable in that the 
tail of the distribution towards infinity has disap- 
peared, leaving a maximum grain size one-and-a- 
half times the critical dimension (pmax = 3%). 

4. The effects of anisotropy and of the non- 
spherical nature of the original grain nuclei, like 
the effect of internal strain set up during the decay 
of the supersaturated solution, can all be taken 
‘effective”’ 


‘ 


into account simply by the use of 
parameters in place of certain quantities in the 
expression for the critical size. The form of the 
distribution function is unaffected by these con- 
siderations. 

5. The herein demonstrated for the 
coalescence of grains can also be applied to the 
Each microscopic 


pre ICCSS 


study of “crust sintering’. 
cavity in a specimen before sintering may be 
regarded as a crystal composed of vacancies. The 
cavities near the surface tend to dissolve as a 
result of their vacancies moving outwards to the 
boundary of the specimen, while in the depth of 
the material a process of coalescence goes forward 
essentially as in an infinite medium. The thickness 
of the ‘‘crust’’ increases with time as ¢ ~ #/8 


[equation (47)]. 





THE KINETICS OF PRECIPITATION 


APPENDIX 1. AN ACCURATE EXPRESSION FOR 
THE ASYMPTOTIC BEHAVIOUR OF y(t) 


As shown in Section 2, y(7r) < yo, so that we may 


write it 


€(7) may be determined from the equation of motion 


(10): 


| = (21/38 1)y(7)—2 


34 3)—dyoe?(r). 


: —(gl/3— 3)%(g1/ 


The latter term on the right has been so written because 
22. Put now for con- 


DB) 


it is important only near zs = z0 = 
venience = = u®, Near z= 20 or u = uo $ the 
equation becomes 


du 
dr 


Changing variable to y €(7) we may write this 


l 
dy € 
2—343y 


edr . Tie) So aes 


For the same reasons as those given in the text, the 
existence of a stable solution requires that in this ap- 
proximation there should be a “‘blocking’’ point on th« 


axis and that the rate of change of z should have a second 
order zero at this point. This yields 


from which 


bv (3). 
2 a Int 


Evidently dy/dr does have a second order zero at tl 


1¢ 
44/3 


blocking point y vo , 
sufficiently great time 


It is now apparent that at 
y(t) = yo(1— Zr-*). 
The expression for the blocking point has been refined to 


3+ 44/(3)e(z) 


By continuing with this procedure, an asymptoticall 
derived: 


I 


accurate expansion for y(7) can be 


(1 
(In 7)? 
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and correspondingly 
‘ 4 
x3 = gt l T 


‘The expansions may be broken off at any point at which 
the succeeding term is sufficiently small; in particular, 
the basic approximations »(7) = yo and x*® = (4/g)t are 
justified if 


(In x3)? = (In $2)? 


The fractional correction to yo decreases swiftly with 
time, so that the first approximation becomes more and 
more accurate. It is a rather curious fact that the be- 
haviour of the solution near the blocking point neverthe- 
less continues to depend on just this correction 


APPENDIX 2. THE DISTRIBUTION FUNCTION 
IN THE REGION z > zo, AND IN THE 
NEIGHBOURHOOD OF z, 


(1) Introduce the variable 


notice that as 2 : GD, 3) and z eer. 8.0. 
Q ’. The form of the 
right of z9 must be related to the initial distribution 


foal p*) 


and 
vo —>e distribution function to the 
over p?: 


y(t Los) > fo(p®)2(p3) fy x3) 3x3 


This being the case, we may determine the distribution 


function for so from 


~ foe’ 


) falls off certainly faster than , and in fact 
It follows 


order approximation, the volume probability density to 


exists, Jol 


normally is exponential in : that in the zero- 


I 
the right of zo is zero. I 


P\2, T) 


Of course, the probability density is non-zero to the left 
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(ii) To derive a more accurate distribution function in from which we at once obtain 
the vicinity of z = 20 22. ' Pilea 

. ’ a 1 1 Te ly) dy 
Write again for convenience 2 u Near zo the f y 1g (4 \r e2 9-MY) GY ¢ exp Jg-y) dy, 


equation of continuity m | 


nay be expressed as 
(iii) TTo show that as 7 —> ©, the integral contribution 
from the neighbourhood of zo becomes negligibly small. 


The quantity of material accounted for in this region is 


Now from the equation of continuity, 


dn 


(2, 7)2(z)|_ 


he form 
= Ae? \2 Ae 


xy the distribution is in the form 


f [In (r eS 9 
because to the right of 
drawn out tail, which may be 


now obser\ hz of an infinitely long 
ignored. Thus 


B, 


11 


q3 A e~(3/2) 6-1/3 4. Ber, 


and 

Evidently B must be zero, since matter must be con- 
served. Consequently the amount of material represented 
given that 1 in the vicinity of z0 as 7 0 is 


q3 
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Abstract 


Using a back reflection Debye powder camera, X-rayfphotographs were taken of MnOz 


and MnF¢ to determine the behavior of the lattice constants near the Néel temperature. It was found 
that on lowering the temperature the c-axis of MnOz expands while that of MnF¢2 contracts. Examin- 
ation of the results for MnOz and MnF¢2 as well as other antiferromagnetics, shows that within a 
given crystal structure there is a correlation between the distortion and the spin direction. 


INTRODUCTION 

OnE OF the problems in antiferromagnetism has 
been the relation of the spin ordering and direction 
in the magnetic lattice and the lattice distortions 
that accompany this ordering process. ‘These 
distortions are usually very small and are of the 
type where no discontinuity in the volume takes 
place. Early work) explained the distortions at the 
transition temperature (Néel temperature) in terms 
of the exchange integral. Thus the effect of the 
exchange interaction besides producing alignment 
of spins is to move the atoms either in contraction 
or expansion to lower the energy. KANAMORI"? has 
also treated antiferromagnetic deformations and 
shows that additional features besides exchange 
energy must be considered for certain oxides. 

Experimental data have been available on anti- 
ferromagnetics with the rock salt crystal structure 
and also the corundum and NiAs structures. This 


paper presents measurements on the distortion in 
two compounds, MnOzg and MnF», of the rutile 


structure. 

In the Discussion we suggest an empirical 
correlation of the crystal distortion with the spin 
direction and crystal structure. 


* This work has been submitted in partial fulfilment of 
the requirements for the degree of Master of Science at 
the Massachusetts Institute of ‘Technology. 


APPARATUS 

The lattice parameters of MnOve and MnF»2 were 
measured using a symmetrical focusing back re- 
flection Debye powder camera. ‘This camera com- 
bines the high accuracy, necessary to measure the 
small distortions, with relatively small size, which 
simplifies the construction of the surrounding 
Dewar system. In addition to the inherent accuracy 
of the camera, arising from the concentration on 
high diffracting angles, this type of camera allows 
one to use a data reduction scheme) which 
minimizes errors due to film shrinkage or move- 


ment of the position of the sample. 


MnO, 


Figure 1 shows the behavior of the lattice 
constants of MnOz between room temperature and 
25°K. The vertical dotted line in the figure in- 
dicates the Néel temperature determined by means 
of magnetic susceptibility The 
studies by Yosurmori™) and Erickson) on the 
magnetic structure of MnQOs indicate that for this 


measurements. 


compound the spin moments of the manganese 
atoms are perpendicular to the c-axis of the crystal. 
YOSHIMORI makes the interesting interpretation 
that in the direction of this axis the spins form a 
spiral with a pitch of (7/2) c. The X-ray data com- 
bined with the above assignment of spin directions 
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shows that on cooling through the Néel tempera- 
ture the crystal contracts along the a-axes. 


MnF>2 
Figure 2 shows the results obtained by X-ray 


diffraction on MnF»2 between 25° and 300°K. The 
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1. Lattice con function of 


dotted line indicates the Néel temperature. Com- 


bining neutron diffraction work,®) which has 
assigned the spin moments in MnF¢ parallel to the 
c-axis, with the X-ray data, one finds that on cool- 
ing through the Néel temperature the distortion in 


MnF+% is a contraction in the spin direction. 


DISCUSSION 
The results found for MnOes, MnFoe and data 
available on other antiferromagnetic compounds 
are listed in Table 1. In the table is also listed the 
angular relationship between the spin direction § 
and the axis M, which is the direction defined by 


STRONG 


the magnetic ordering. M is the vector perpendi- 
cular to sets of planes in which all spins in a given 
plane are parallel but the spins in neighboring 
planes are not parallel. In the particular cases here 
considered, M is unique. Included also is the 
distortion that takes place in the lattice parallel to 
the direction of the spins when the crystal is 
cooled through the Néel temperature. 
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Several regularities appear: 


(1) Within a given crystal structure the sense of 
the distortion relative to the spin direction 1s 
always the same. For example, in the case of 
MnOsg and MnF»s, both of which have the rutile 
structure, there is a contraction in the direction of 
the spins, even though in one case the spins are 
along the c-axis and in the other they are per- 
pendicular to it. 


(2) Whether the crystal expands or contracts 
along the spin direction depends on the point 
group symmetry surrounding the magnetic ion. 





CRYSTAL STRUCTURE 


Table 1. 


Compound Structure 


Hex. NiAs 
Hex. NiAs 
Tet. SnOog 
Tet. SnOe 
Cubic NaCl 
Cubic NaCl 
Cubic NaCl 
Cubic NaCl 
Rh. «AlzOz 
Rh. “Alo( )3 


CrSb 
FeS 
Mn¢ Jo 
Mn Fo» 
MnO 
NiO 
FeO 
CoO 
CreOz 
4-Fe2O3 


* Results of work reported in this pé 


(3) There is no apparent correlation between the 
sense of the distortion and the direction of the 
magnetic ordering.) 


(4) CoO911) is an exception. It violates the 
regularity of our classification scheme in that, 
though CoO is of the rock salt structure, it con- 
tracts approximately along the spin direction. 
Kon Mari has shown that the tetragonal deform- 
ation of CoO can reasonably be interpreted as a 
magnetostriction originating in the effect of the 
crystalline field on the orbital angular momentum 
of Co 


environment. 


* which is not entirely quenched in this 
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DISTORTIONS IN MnOs2 


AND MnF2 


Summary of neutron diffraction and X-ray data on antiferro- 
magnetic compounds 


Spin 


direction 


S||M 
S| ™M 
S|M 
s||M 
S|M 
S| M 
S\|M 


per. 


Distortion in 


direction of spin References 


Contracts 
‘ontracts 
‘ontracts* 
‘ontracts* 
“xpands 
“xpands 
“xpands 

(See text) 

Expands 

Expands 
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Au-Mn SYSTEM 
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Abstract—Au-—Mn alloys show magnetic behavior which depends upon the various types of super- 
lattice existing in this system. The comparison of the magnetic properties of AueMn and AuaMn, 
however, clearly shows a difficulty of interpreting the magnetic structure of AugMn, which is 
supposed to be helical, from competing positive and negative exchange interactions as often 
suggested. In both AuaMn and AueMn, the Mn atoms form a body-centered tetragonal lattice with 
c/a ratio of 0-62 and 2-60 respectively. Although the first- and second-neighbor distance between 
Mn atoms for these two compounds are practically the same, the former is ferromagnetic but the 
latter is metamagnetic. The first-neighbor distance corresponds to the ferromagnetic interaction 
range of Mn atoms, but geometrically this alone cannot cause any cooperative alignment of spins. 
The second-neighbor distance, on the other hand, is too long to expect any appreciable inter- 
action. However, it is proved that the existence of a minor interaction between the second neighbors 
is sufficient to produce the expected cooperative phenomena. ‘The magnitude of such an interaction 
is found to be of the same order as the magnetic dipole interaction. Although, at present, it is hard 
to conclude what kind of interaction is operative, it is suggested that at least the difference of the 
magnetic behavior of Au2Mn and AugMn is explained if the magnetic dipole interaction is assumed 


for the weak interaction. 


In THE Au—Mn system, the following superlattices of the system and their crystal structures and 
or intermetallic compounds, AuMn, AugMn, _ several other physical properties have been in- 
AugMn, Au4Mn, have been found on the gold side vestigated. Among these, this system shows an 


Table 1. Magnetic properties of superlattices found in the Au-Mn system 


Crystal structure Magnetic properties 


Con position 
Superlattice Transition point 
otructure type K 


AuMn b.c.t. (ord.) CsCl A 500 
| 


b.c.c. (disord.) 
AueMn b.c.t. (ord.) CaCo 


AusMn f.c.orth. (ord.) Periodic 


f.c.c. (disord.) 


f.c.t. (ord.) NisMo 


f.c.c. (disord. ) 


Antiferromagnetic 

Ferromagneti 

Paramagnetic Curie point 

Effective magnetic moment deduced from the susceptibility measurement. 
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interesting but complicated magnetic behavior 
which depends upon the type of superlattice. 
These properties are briefly tabulated in Table 1. 
The analysis of magnetic properties of these com- 
pounds revealed a possibility that the magnetic 
dipole interaction is responsible for the cooperative 
spin alignment of the compounds AugMn and 
Au2Mn. Since the magnetic dipole interaction is 
usually neglected in this kind of problem because 
of its magnitude, it is felt to be worthwhile 
reporting here. 
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Although the crystal structures are complicated 
and there is a marked difference in structure 
between AugMn and AuegMn as shown in Fig. 1, 
the distribution of Mn atoms for both structures 
turns out to be relatively simple and also to be 
similar. ‘They both form body-centered tetra- 
gonal structures and their c/a ratios are 0-62 for 
Au4Mn and 2-60 for AugMn respectively as shown 
in Fig. 2. Furthermore, not only the nearest 
neighbor distances (shorter edge) for both struc- 
tures are approximately the same,} (3-37 A for 


Au, Mn 


Fic. 1. The crystal structures of ordered Au2Mn and AugMn. 
AuzMn is shown with its unit cell. AugMn is looked at from an 
[100] direction. 


Ordered AugMn is a superstructure based on a 
face centered cubic lattice and has a so-called 
NiqMo structure.“) This phase is ferromagnetic 
with a Curie point at about 360°K.) Ordered 
AueMn is a superstructure based on a_ body 
centered cubic lattice and Mn atoms form a layer 
at every third plane.) This phase is antiferro- 
magnetic with a Néel point of about 360°K. 
More exactly, this should be called meta- 
magnetic.*) In other words, the magnetization of 
the crystal can be saturated by the application of 
the external fields of the strengths usually available. 
The crystal structures of these phases are shown 
in Fig. 1. 





* These words specify simply the magnetic character- 
istics and not the actual spin structures of the materials. 


AugMn and 4-03 A for AugMn) but the second 
nearest neighbor distances (corner to body center 
of both structures) are also almost exactly the 
same (4-97 A for AugMn and 4-99 A for AuyMn). 
From the resemblance both with respect to crystal 
structure and interatomic distance, one might 
think that also the magnetic properties would be 
similar. Nevertheless, AugMn is ferromagnetic and 
AugMn is antiferromagnetic. 

As can be understood from the foregoing facts, 
there are several difficulties to overcome in order 
to understand the difference in the magnetic 
structure of these compounds from usual concepts. 

+ In the sense that the both distances are in the range 
of the ferromagnetic interaction according to the 
analysis of manganese compounds and alloys. 
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By a usual concept, we mean that we assign a 
definite magnitude and sign of the interaction 
(exchange interaction) between magnetic moments 
of nearest neighbors, second nearest neighbors, 
etc. depending upon the distance and, upon this 
basis, calculate the magnetic structure. According 
to this concept, we must assign the same sign and 
magnitude of interactions for both structures not 
only to the nearest neighbors but also the second 


nearest neighbors, since the distances are the same 


. 
Au, Mn 





distribution of Mn atoms in the ordered 


AueMn and AugMn 


for respective pairs. Analysis of magnetic proper- 
ties of many compounds or alloys of Mn as well as 
the analysis of the magnetic interaction in face 
centered cubic platinum alloys®) shows that the 
interaction between Mn the 
neighbor distance in AugMn and AugMn (shorter 
If the 
this kind of 


atoms at nearest 


edge) should be ferromagnetic. interaction 


between edges is ferromagnetic in 
structure, the sign of the interaction between the 
corner and the body centered atoms is the essential 
factor to determine whether the structure is ferro- 

The fact that 
AueMn is anti- 


the 


magnetic or antiferromagnetic. 


Au4sMn is 
ferromagnetic m«¢ 
cannot be taken as a kind of central force depend- 
\t the 


ferromagnetic and 


ans, therefore, interaction 


ing only on the distance between the atoms. 

» time, the relative distribution of gold atoms 
with respect to Mn atoms forming the corner to 
body center pair is quite similar. It is, therefore, 
hard to assume even an indirect exchange mechan- 
ism, the sign of which would have to be different 
for the two cases, even if we assume it to be aniso- 


tropic. It is also difficult to justify a sizable 


HIROSHI 
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magnitude of interaction between second nearest 
neighboring pairs in view of their relatively long 
separation. In other words, although we can assign 
a positive interaction of reasonable magnitude for 
the nearest Mn pairs as explained above, the second 
neighbor distance (corner to center) is too long to 
expect any appreciable interaction. If we disre- 
gard this second neighbor interaction, the system 
would be either an assembly of linear chains (for 
Au,Mn) or an assembly of square nets (for AugMn) 
among each constituent of which the interaction 
between spins is positive. However, such systems 
should not show any cooperative alignment of 
spins as a whole which is against the experimental 
facts. 

The second objection is, however, not really 
serious. It can be shown easily that in systems as 
above only a minor interaction between the corner 
and the center atoms would be enough to produce 
a cooperative phenomena as a whole, in other 
words, among the linear chains or among the 
square nets. Furthermore, the critical temperature 
would be determined by the strong interaction 
among the units (chains or nets) and not by the 
weak interaction between the corner and the center. 
In order to show this fact, we adopt an approxi- 
mation corresponding to the molecular field treat- 
ment for this weak interaction. Let us first consider 
the linear chains and denote the strength of inter- 
action between spins in the linear chain by J. The 
coefficient of the molecular field which acts on 
each atom in a chain from the other chains is 
called W. the standard technique for a 
linear chain, we can easily get the expression 
for the Curie (or Néel) point 7, of the chain with 
interaction as shown in the Appendix: 


J\ J 2w 
a) kf. J 


Using 


{ exy 


Here, p is the magnitude of the magnetic moment. 
It is clear if W+0, 7.. +0. However, the decrease 
in the Curie point is logarithmic with the ratio of 
W to J and, therefore, the interaction of the order 
of 1/1000 of J is enough to keep the Curie point 
to 1/3 to 1/4 of the value which is expected for a 
three dimensional assembly with the interaction J. 

In the case of the assembly of planes, it is safe 
to use (at least qualitatively) the molecular field 


approximation for both strong and weak interaction. 
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Let us denote the molecular field coefficient 
inside the plane by Wy and that between the 
planes by Wig. Then the Curie point 7, of the 
system is given by (Appendix 2) 

T= C(Wii+ Wi2) (2) 


Here, C is the Weiss constant indicating the 
magnitude of the magnetic moment. Since 
Wi; > We, Tc is solely determined by the interaction 
inside the plane. This is physically clear, because, 
in each plane, the system is cooperative (at least in 
this approximation and always in Ising model). 
Then, since each unit (the plane net) is so large 
the temperature fluctuation does not cause any 
disordering of the units of such an assembly. 
Therefore, the total system becomes oriented as 
soon as the spins inside the plane are aligned, 
however small the interaction between the planes 
may be. For the linear chain, the situation is some- 
what different since each chain cannot be coopera- 
tive by itself. However, a similar argument would 
be employed to understand the qualitative nature. 

From the discussion above, it is now clear that 
the total spin alignment of this system can be 
attained by a very small interaction between the 
corner and the body center atoms. If this is the 
case, the magnitude of this interaction can be 
easily determined. It has been known that AugMn 
is metamagnetic™) and the external field of the 
order of 10,000 Oe can saturate the crystal. In 
other words, the interaction can be overcome 
by an external field of the magnitude of 
1040e. Therefore, the magnitude of the in- 
teraction should be of the same order of mag- 
nitude as the magnetic dipole interaction. 
Although the existence of other kinds of inter- 
action cannot be excluded, it is at least certain, 
under such a condition, that the magnetic dipole 
interaction plays an important role in determining 
the magnetic properties of this system. 

If we single out the magnetic dipole interaction 
for the coupling of corner and center atoms, it can 
be shown next that the difference in magnetic 
structures of such system depends upon the c/a 
ratio. Generally, this kind of problem is quite 


complicated, especially in the case of ferro- 


magnetism because of the long range nature of 
the interaction. However, in this case, the problem 
can be reduced to a much simpler one because the 
spins are fixed by an interaction other than the 
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dipole interaction and are thus parallel in the 
planes perpendicular to ¢ axis. (c-plane). Also we 
are simply interested in the difference in energy 
for both ferromagnetic and antiferromagnetic 
cases. Since the spin arrangement for both cases 
is exactly the same in one sublattice of the two 
sublattices of the body centered tetragonal lattice 
as can be easily visualized, the difference in energy 
per one atom is reduced to a problem in which 
we put a single dipole at a body center of a ferro- 
magnetic simple tetragonal lattice and calculate 
the energy difference when the direction of the 
dipole is either parallel or antiparallel to the rest 
of the lattice (Appendix 3). It is known that this is 
zero irrespective of the direction of the dipole at 
the center if c/a equals 1. When c/a¥1, the result 
depends on the direction of the spin with respect 
to the c-axis. The calculations are similar for both 
cases and are shown in the Appendix 3. When the 
spin lies in the c-plane, the antiferromagnetic 
structure is more favorable than ferromagnetic 
case when c/a >1 and vice versa. If the spin axis 
is parallel to the c-axis, the result is reversed. Also 
the energy of magnetic dipoles is two times more 
favorable in this case than the former case. If the 
spin alignment is solely determined by the mag- 
netic dipole interaction, the spin axis would be 
parallel to the c-axis. However, in the present case, 
the spin direction would be determined by other 
interactions. 

According to the result of the neutron diffraction 
the spin direction seems to lie in the c-plane at least 
in the case of AugMn.) There is no experimental 
evidence yet for AugMn. However, we can thus 
explain the difference of the magnetic structure 
between AugMn and Au4Mn by assuming that the 
spins lie in the c-plane for both cases. Metamag- 
netism can also be easily explained as above if we 
assume that the corner to center interaction arises 
mainly from the magnetic dipoles. N&EL®) ex- 
plained the metamagnetism of AueMn from the 
anisotropy byincluding a dipole type interaction be- 
tween Mn layers. Therefore, the present explanation 
also supports NEEL’s assumptions in some sense. 

The above calculation is not based on the actual 
magnetic structures of AusMn or AugMn but is 
simply intended to show that there can be a 
difference in the magnetic structure between these 
two compounds due to the contribution of the 
magnetic dipole interaction. A screw type spin 
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structure was indicated by a recent neutron 
diffraction study and was explained by competing 
exchange interactions between successive layers of 
Mn atoms.'?) This model, however, calls for iso- 
tropic interactions between spin pairs of extremely 
long distances. On the other hand, a simple 
calculation indicates that such a screw type spin 
structure can be stabilized also in a dipole lattice 
under a certain condition. This may be equivalent 
to the competing exchange interaction model in 
nature. Since it seems difficult, however, to think 
of an isotropic exchange interaction between such 
long distance pairs which satisfy the right condition 
for the helical structure, a highly anisotropic 
interaction such as the magnetic dipole interaction 
for the long range 
A further 


experiment would be required to determine the 


seems to be more plausible 


interaction mechanism for this system. 


nature of these interactions. 
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APPENDIX 
issembly of linear chains with interaction 


Here we treat an assembly of linear chains with inter- 
interested in a relative im- 
interaction between linear 
with the interaction between spins inside 
the chain on the transition temperature, we adopt a 


molecular field approximation for the weak interaction 


action. Since we are mainly 


portance of the chains in 


comparison 


between linear chains. Then we can single out a linear 
chain which is placed under a molecular field just as in 
Bethe’s approximation of cooperative phenomena. Now 
let us think of a linear chain of r right spins and 7 left 
spins, (r+/ = n). Further, we assume, according to the 
usual technique, that the last spin of the chain is con- 
nected cyclicly with the first spin so that the calculation 
can be simplified. Practically, in the case of large values 
of r and J, the result is not affected by this assumption 
Let us first think that the r right spins and 7 left spins 
From the r pairs of 
Clearly, 


form their own rings respectively. 

the ring of right spins, we choose to cut h pairs. 
rT -~ . ° 

there are (,) different ways of performing the cuts. 
, 


Now, also the ring of left spins is decomposed by A cuts. 
Then each part of the r ring is inserted into these cuts. 
By doing this, we can form a ring of original number n 
with g = 2h antiparallel pairs. Since the /-ring can be 


ee ‘ : 
cut in (,) different ways, the total number of ways that 


the full ring can have g antiparallel pairs is given by: 


Grlr,g) = (") (" ‘) g=2h (Al) 


SATO 


Therefore, the relative probability for specified number 
of r, 1 and A under the molecular field in the r-direction 
is 


I'(r,h) 


(Vv ead A 


W 
c(,) | h ) exp jail” ia /kT 


(A.2) 


Here, C is a normalization factor, W/n (2r—n) is the 
molecular field each spin receives from the assembly of 
other chains and J is the energy difference for parallel 
and antiparallel pairs. The most probable value of r and 
h can be determined by 


elogl’ élogl’ 
— = 0 and 
or ch 
With the use of Stirling’s formula, the above relations 


can be reduced to 


(y—h) (l—h) 
ae - — = exp(2J/kT) 


y I—h 
. exp ~42 


-= 2r—n)W 
l r—h i ) 


kT (A.3) 
By eliminating h from both equations, one obtains 
m i 
- = [exp (J/kT)] sinh ——— A.4) 
\/(1—m?) kT 


Here m, the relative magnetization, is defined as follows: 


(1+m); (A.5) 


I 
a —m) 


nN 


near the Curie point, m approaches 
in powers of m and 


At high temperatures 
0. Expanding the equations (A.4) 
retaining only the linear term, we obtain 


2pWm 


m = [exp(J/RkT)] = 
R 


The condition for the Curie temperature is, therefore, 


9 
= [exp(J/RT.)] a (A.7) 


kT, 


It is clear from this, if W< J,T- approaches zero as 
expected. Further, it is easy to see that 7; decreases 
logarithmically with the ratio of W//J. 


Assembly of two dimensional square nets 
On the Ising model, the two dimensional square net 
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becomes ferromagnetic. Therefore, it is permissible to 3. Criterion of magnetic structures 
apply a molecular field approximation not only to the The body centered tetragonal structure can be 
weak interaction between the nets but also to the strong divided into two equivalent interpenetrating sublattices, 
interaction inside each net. A two sublattice model with which we call I and II. In each sublattice, the arrange- 
alternate nets belonging to the same lattice is considered _ ment of spins is parallel. In the case of ferromagnetism, 
in this case. Then, from the molecular field theory, the the spin direction of I and II is the same and in the case 
Curie point 7; is determined from the following equation of antiferromagnetism, I and II are antiparallel to each 
ie " ° other. We are interested in the difference in the energy 
TeM — Ci(Wi1Mi + Wi2M2) = per atom between the ferromagnetic structure and the 
T.M>o—C. (Woy My + Wo2Mbe) ia antiferromagnetic structure. For this purpose, we single 
out one atom from the sublattice I and calculate the 
energy for ferromagnetic and antiferromagnetic structure 
for this atom. Since the spin arrangement in I is exactly 
the same for both structures, the difference in the total 
energy per atom is found by putting that atom of I at the 
body center of the simple tetragonal lattice II and taking 
the difference in energy when the spins on II are in the 
same direction as the atom I and when the spins on II 

" c s are antiparallel to the atom I. 
Wi- C Wiz At first, for the sake of simplicity, let us assume that 
‘1 the spins lie in the c plane and the direction of the spins 
is in the x-direction. In other words, it is in the direction 
Wo aa x of one edge. Then the difference in energy Ey —Eg due to 
7 the magnetic dipole interaction would be 


Here Wii and Wee are molecular field coefficients 
specifying the interaction between the two sublattices. 
Ci and C, are the Weiss constants which specify the 
magnetic moment for the particular type of sublattice. 
M, and M2 are the relative magnetizations of each sub- 
lattice. Then T; is given by the condition 


2+ (h-+4)?+(cla)(+4)2}* | +(cla)(l+4)) 
(A.12) 


l ' 3(i+4)? 


From (A.9), the Curie point is The lattice sum is over the entire II lattice. Here, for 
simplicity, we took the cube edge as the unit-length. 
I, = 4(C\ W11+ CoWoo+ 4 (C1 Wi, — C2Wo2)?+ If c/a = 1, this sum vanishes. In other words, f(1) = 0. 
Now, if we change c/a from unity by 54, f(1+5) 


+4C)C2W 27] A. = f(1)5 +... 


3(t+3) = 
24-(k+4)2+(c/a)2(0-+3)2) 


2(1+ I )2c a 


)?+ (c/a): 2144 4)2} 


In this case, the two sublattices are composed of identical The first term vanishes but the second term is positive 
spins and Wi; = Wee, C1 = Ce. Therefore, if we put c/a = 1. Therefore, the sign of f depends on 
the sign of 5. In other words, if 


T. = Ci(Wi+ Mie A.11 
(Wi 12) ( ) — 


cla <1, f- 


Wie < Wy, Te = CiWi. ee iF = 
This means that, if c/a> 1, the antiferromagnetic struc- 
This means that, when Wj, is small, TJ; is determined ture is more favorable than the ferromagnetic case and 
by Wi only. vice versa. This relation not only holds for small 8, but 
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actually also for large which we are interested in 
here 
It is also very easily proved that, by a similar calcula- 


1, the energy difference is the same as long as the spins 


lie in the c-plane. Even if the spins are perpendicular to 


the c-plane, the calculation can be done in the same way. 
However, the relation becomes reverse and also the 
energy difference is larger in this case than the former 
case by the factor two. Therefore, if the spin alignment 
s solely determined by the magnetic dipole interaction, 


the spin should be perpendicular to the c-plane 
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Abstract—Experimental results of the variation of conductivity, Hall mobility and field effect 
mobility with the thickness of the evaporated films of tellurium is reported. A tentative explanation 


of the experimental results is offered. The low v 
due to the scattering of the carriers at the intercry 


INTRODUCTION 
THE SURFACE properties of tellurium have as yet 
received limited attention by experimental workers. 
A preliminary study of the surface by field effect 
experiments was first made by AIGRAIN et al.) on 
thin evaporated layers of tellurium deposited on 
mica. More recently GopEFRoY®) has made a de- 
tailed investigation of field effect on these films. 
From a measurement of the temperature variation 
of the field effect mobility, in the temperature 


range 77-300°K, he has calculated the energy of 


the surface states, to be 0-08 eV above the mid gap 


position, for mica—tellurium interface. 

The depth of the space charge layer, in most 
semiconductors, is of the order of 10-4 to 10-6 cm. 
The effect of surface scattering on the mobility of 
the carriers within the space charge layer has been 


calculated by ScurieFrFER™’. ‘The depth of the 
space charge layer is much smaller in comparison 
to the usual thickness of the experimental crystals. 
Hence, the mobility of the carriers in the space 
charge layer of one surface is independent of any 


changes in the opposite surface. ‘The thickness of 


the films however, can be of the order of the depth 
of the space charge layer and we can expect an 
interaction between the space charge layer of the 
upper and lower surfaces. Thus, a measurement 
of the field effect mobility at the glass tellurium 
interface for various thicknesses of the film might 


yield interesting results. 


alues of Hall mobility are explained to be mainly 
stalline boundaries. 


This paper reports the low frequency field effect 
measurements on tellurium films deposited by 
vacuum evaporation on glass substrate. The field 
effect mobility at the glass—tellurium interface has 
been determined for films of various thickness. 
The corresponding measurements of Hall mobility 
were also made in dry atmosphere. 

The film was deposited, on cleaned microscope 
cover slips of size 2 x 1 x 0-005 in., by vacuum 
evaporation; (chemically pure tellurium obtained 
from British Drug Houses, without any further 
purification, was used for the purpose). The glass 
plate was kept at a distance of about 8 cm from the 
hot filament, which ensured uniformity of film 
thickness; the temperature of the film and the 
substrate also remained practically constant during 
evaporation. Various thicknesses of the film could 
be obtained by evaporating different (weighed) 
quantities of tellurium. A rough estimate of the 
film thickness could be made by considering the 
spherical symmetry of the evaporated material.) 
The film thickness obtained from the weight of 
the deposit agreed within five per cent with that 
estimated by the other method. 

The cleaned microscope cover slip with aquadag 
coatings at the two ends and provided with spring 
contacts was fixed on a plastic block. A thin tin foil 
was placed underneath the base glass plate on an 
insulator to form a parallel plate condenser with 
the tellurium film, and the whole system was 
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placed inside the vacuum chamber of the coating 
unit (Model 12E of W. Edwards & Co. London). 
The fresh surface of the tellurium—glass interface 
could then be studied immediately after evapora- 
tion and without bringing it into contact with 
atmosphere. The changes in conductance (AG) 
and the field effect conductance changes (AGF. gz.) 
were measured simultaneously. 

To study the changes in conductance of the film 
due to the applied transverse electric field the 
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is the resistance of the film, J is the sweep current 
through the film, 5V is the change in voltage re- 
corded, ZL is the length of the film, and / is the 
length of the field plate. 

The field effect mobility has been defined as 


do 
dO 


(2) 


rea. = 


where, Ac is the change in surface conductivity 


1. Block diagram of the electrical arrangement used for the measurement 


of field effect conductance changes in tellurium films. 


circuit used was similar to the one described by 
Low). A block diagram of the complete experi- 
mental arrangement is as shown in Fig. 1. 

The field plate placed for the measurement of 
AGy. x. was not covering the entire length of the 
film. To avoid pick up by the terminals it was 
necessary to leave out small portions of the film 
uncovered on both sides of the field plate. To 
account for the uncovered portion the proper 
The 


can be written as 


correction was made. corrected value of 


AGF. 


6V(R, + Ret R) /L\? 
AG (1) 
I R, t Ro \)R l 


where R) and Ro are the balancing resistances; R 


per unit area of the surface and Q is the charge 
induced on unit surface area of the film. Hence, 
l2d(AG) 


rE, = : 
Cd(Vq) 


where / is the length of the specimen, C is the 
capacity between the film and field plate, and V2 
is the field voltage. 

The deposited films being sufficiently thin, 
they could support large voltages along the sweep 
direction and could be made to have widths of 
the order of 1 cm. Hence the measurement of 
Hall mobility was not so difficult. However, the 
measurements had to be done inside an air con- 
ditioned room and in a dry atmosphere; as at 
times the fluctuations of room temperature and 
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the presence of high humidity made the measure- 
ments difficult and unreliable. The specimens 
used for Hall voltage measurement were the same 
films of tellurium which were just taken out of the 
vacuum chamber after the field effect experiments. 
The Hall probes were fixed by aquadag and as far 
as possible were adjusted to give minimum /R 
drop. A low impedance potential divider arrange- 
ment provided a source of backing voltage used 








Hall mobility 


Se 





with thickness. 


to reduce the JR drop. The magnetic field as pro- 
duced by a permanent magnet was 2200 Oe. The 
magnetic field could be increased to about double 
the value (4000 Oe) by adding soft iron pole 
pieces of about half the area. The Hall voltages 
were measured by means of a Philips d.c. electronic 
voltmeter of high internal impedance. The voltage 
due to JR drop was first measured when the sample 
was outside the magnetic field. ‘Then it was slowly 








1 


units 


Fic. 3. Variation of conductivity with thickness. 
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brought in the magnetic field and the steady 
change in the voltmeter reading could be easily 


observed. 


RESULTS AND DISCUSSION 
Fig. 2 shows the variation of Hall mobility with 


the thickness of the film. The observed values of 


mobility in these films is much smaller than that 
of the bulk material. The value obtained for the 
film 3000 A thick is still about one fifth that of the 
bulk material. The curve shows a decrease in Hall 
mobility with decreasing thickness. 

Fig. 3 shows the variation of conductivity with 
the thickness of the film. 
According to FuscH 
effective free path of the conduction electrons 1s 


and SONDHEIMER") the 


shortened by scattering at the surfaces of the film 
and, when the thickness is small compared to the 
bulk free path, the current is mainly carried by 
move nearly parallel to the 


electrons which 


surtace. 
From a measurement of the Hall mobility in a 


single crystal of tellurium (obtained from the same 


lump from which the films wer« deposited) the 


bulk mean tree path could be calculated from 


equation (4) 


(4) 


where m, is the effective mass of the hole, which 


has been taken « qual to the mass of a free electron, 
477 is the Hall mobility as determined experiment- 
ally, k, T and q have their usual meaning. The 
calculation of mean free path from equation (4) 
yields a value of the order of 10-6 cm. This value 


of the mean free path is quite small in com- 


parison to the thickness of the film for which the 
measurements have been mad J he low values of 
mobility for such thickness of the film cannot be 
explained by SONDHEIMER’s theory alone. How- 
ever, if we consider the scattering of the carriers 
to occur also at the inter-crystallite boundaries, 
for PbS films, such low 


values of mobility in the films can be explained. 


as considered by Woops 


The thinner films have a larger surface to volume 
ratio and are certainly more defective than the 
thicker ones. Hence a larger scattering of carriers 
is expected in thinner films resulting 1a a decrease 
cf mobility with decreasing thickness of the film. 
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Figure 4 shows the variation of field effect 
mobility with the thickness of the film. ‘The lower 
values of field effect mobility than Hall mobility 
is obviously due to the large scattering of the 
carriers that are made to conduct in the narrow 
channel of the space charge layer. It is interesting 


field effect 


thickness. 


Fic. 4. Variation of mobility (pt, 


to note that the ratio of Hy and fy... remains con- 
stant (as in Fig. 5) for various thickness of the 
film. ‘This result is at present not well understood. 
However, we may conclude that the decrease in 
field effect mobility with decreasing thickness of 
the film is due to the same reasons that cause a de- 
crease in Hall mobility. 

From the ratio /y7/Hp. ~. we can make an estimate 
of the surface states energy at the glass tellurium 
interface. The expression for the energy of surface 
states, as deduced by GopErroy") for the case of a 
highly p-type material on the assumption of a 
level associated with the 


single discrete energy 


surface states, is as given by equation (5), 
LH P Ee 2 
} 1 log 4 

yy - 2M 2kT 


where 7» is the energy of surface states as measured 
from the mid gap position at the surface, P is the 
acceptor density and 
2amykT \ 3/2 
V ~ 
h 


1-26 x 1019/cm?. 


From the data of Hall mobility and conductivity 
for a film 700 A thick the calculated value of hole 
concentration is of the order of 3 x 1018/cm3. The 
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material being highly p-type the acceptor density 
P, in equation (5), can be taken as equal to the hole 
concentration. The value of this can now be calcu- 
lated from equation(5) from the corresponding ratio 
H+y/Hy.2, The value of 7 thus calculated is of the 
order of 0-1 eV above the middle of the forbidden 
energy gap. Since the value of #77//¥. 5, is a constant 


for various thickness of the film, it can be con- 
cluded that the surface states energy is a property 
of the tellurium glass interface and does not vary 
with the thickness of the film. 
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Abstract—A quantum-mechanical derivation o 


collisions is ¢ 


hown that for Ferm 


i—Dirac particles the 


restricted to unoccupied states only, in 


1. INTRODUCTION 


RECENTLY, KoHN and LuTTINGER"™) have given a 
quantum-mechanik al derivation of the Boltzmann 
transport equation for free electrons in solids, 
within the band approximation. They have con- 
sidered only elastic collisions of the electrons, due 
to randomly distributed scattering centers. In the 
usual one-electron approximation and in the case 
he distribution function fj was 


ot tree 


prove n 


electro S 


to satisfy in the lowest approximation of 
| ‘ ° 4 )..1 = oan - 4 
weak scattering the boitzmann transport equation 


A more complicated transport equation was also 
derived for higher orders of the scattering. Wk: 
| the role of a transition probability per unit 
to |R’ 
first Born approximation for the scattering, by the 


time from state |k and is given, in the 


usual expression indicated by the ‘‘golden rule’’ 


of the 1 1 


lependent perturbation procedure, 
namely 


time-« 


: (9 ; , 9\o/_ 
Wk (277//1) V 3 Ol Ey — Ex ), wy ae 


where V is the interaction of an electron with the 


* Operated with support from the U.S. Army, Navy 


and Air Force. 


Institute 


of Technology, Lexington 73, Massachusetts 


anuary 1960; revised 2 September 1960) 


the Boltzmann transport equation for inelastic 


en along the lines KonHn and LuTTINGER have developed for elastic collisions. It is 
scattering in the collision term of the transport equation is 


contradistinction to the case of elastic collisions 


set of impurities and indicates an ensemble 
average over the positions of the scattering centers. 
fo(ex) is the equilibrium distribution function. The 
derivation of (1.1) in Ref. (1) explicitly avoids any 
use of the repeated random phase assumption, 
which has been the weak point of all previous 
derivations.*) In former proofs also the condition 
(1.3) 


h if kT, 


where 7 is the relaxation time, was necessary for the 
validity of the Boltzmann equation in the approxi- 
mation of weak scattering, on account of the fact 
that the development of the system was followed 
only up to short times, as allowed by the time- 
dependent perturbation procedure.) Since the 
procedure of KoHN and LUTTINGER deals with the 
long time behavior of the system, it would seem 
that condition (1.3) is not necessary for the validity 
of the Boltzmann equation in the weak scattering 
approximation. ‘This point has been discussed by 
CHESTER and ‘THELLUNG®) who found that condi- 
tion (1.3) is replaced by the weaker one 
hj (1.4) 
In an appendix of their paper, KoHN and 
LUTTINGER proved quite generally that in the case 
of elastic scattering and quantum statistics, it is 


Fermi energy. 


always possible to derive a transport equation for 
the one-electron distribution function f; which, 
even in the case of Fermi—Dirac statistics, is linear 
in f;. This result was proven to be true to all orders 
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in the strength of the scattering. The important 
point here is that the exclusion principle should be 
entirely ignored in the description of the scattering 
in the transport equation, i.e. the usual exclusion 
factors which restrict the transitions to unoccupied 
states only are not to be included. The only 
effect of the Fermi—Dirac statistics is to replace 
fo(ex) by the Fermi—Dirac function.* From private 
conversations, however, it appears that this has 
given rise to the misunderstanding that the same 
is true for inelastic collisions, as e.g. in the case of 
scattering of the electrons by phonons. This is 
clearly wrong and it is easy to see that KoHN and 
LUTTINGER’s proof breaks down for inelastic 
collisions. 

We derive below the one-electron Boltzmann 
transport equation for inelastic collisions for a 
system of Fermi—Dirac particles and prove that 
the exclusion factors are indeed present in the 
collision term, as it is usually conjectured. ‘This, 
however, proves possible only under the assump- 
tion (2.34). Apart from this particular point, which 
has been the motivation of this note, it is also of 
interest to exhibit a quantum-mechanical deriva- 
tion of this important transport equation in the 
electron theory of solids. Thus, in this derivation 
no repeated random phase assumption is made and 
the restriction (1.3) does not appear as a condition 
for the applicability of the transport equation in 
the weak scattering approximation. This is signi- 
ficant for the case of lattice scattering, since con- 
dition (1.3) is not in fact satisfied for metals at high 
temperatures (see Ref. 2). It is expected that a 
study of the higher approximations would yield 
equation (1.4) as the condition of applicability. 
The following discussion will be restricted to the 
case of free electrons and the collisions will be 
treated in the lowest Born approximation. 


* For the lowest approximation of the (elastic) scatter- 
ing, it is clear that the collision term of the transport 
equation (1.1) could be written with the exclusion 
factors, i.e. 


(@fx/t)cou. = >. [ewnfic(1 —fe) —wex-fe(1 —fe)], 
k’ 


since the bilinear terms ffx’ cancel each other out on 
account of the fact that wxx’, as given in this lowest 
approximation by (1.2), is symmetrical in k and k’. In 
higher orders, however, this is not possible. 


2. DERIVATION OF THE TRANSPORT EQUATION 

The derivation falls naturally into two parts. 
First, the transport equation for the distribution 
function Ryn of the whole system (electrons and 
scattering system) is established. This part follows 
the method of KoHN and LUTTINGER") and it is, 
therefore, only briefly indicated, although enough 
is written down to establish a notation and demon- 
strate the key steps in the derivation. The second 
part consists in finding the transport equation for 
the one-electron distribution function /,. 

The system under consideration is a number of 
dynamically independent electrons in interaction 
with a scattering system, such as phonons, and an 
external constant electric field. Since we want to 
consider the case of a recoiling scattering system, 
we consider the Hamiltonian of the total system 
and take it to be 


A = Ao+He+ V+F. (2.1) 


Hy = - Ho(t) = > End Ak 


i k 


is the kinetic energy of the electrons. The summa- 
tion over 7 goes over all electrons in the system. We 
take as eigenvectors |k > of Ho, the one-electron 
kinetic energy operator, the plane waves character- 
ized by the wave vector k (the vector character of 
which we shall not designate explicitly), i.e. Q-1/2 
exp(tk - r), with corresponding energy eigenvalues 
ex = h*?k?/2m. The spin index is entirely sup- 
pressed. In the occupation number representation, 
which is quite convenient for this problem, a, and 
aj, are the creation and destruction operators for 
electrons in the state [k»> and satisfy the anti- 
commutation relations 


1a, ie} = Ore. 

(2.3) 
The operator representing the number of electrons 
in the state [Rk > is Ny = aa, and its eigenvalues 
are m, = 0 or 1. The eigenstates of the total kinetic 
energy Ho shall be denoted, in the occupation 
number space, by 


f ee ee a 
ks aks = yay, Ayes = Q, 


[n> = |myng... Me. d 


the set of {nx} signifying the number of electrons 
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in each one-electron state; i.e 


Ho|n > = En|n >. (2.4) 


Clearly in this representation all Nz are diagonal 
and 


S ne €ky 


En = 
* 
H, is the Hamiltonian of the scattering system. 
Its eigenvectors and eigenvalues will be denoted 
by |N> and Ey respectively, 1.¢ 


H,|N ) = Ey|N >. (2.5) 


The energy of interaction of the electrons with 
the scattering system is written as 
V = > Vii) = > Virafar. (2.6) 
i kk 
Vix, is an operator in |N)-space, i.e. in the 
space of the scattering system. 
Finally, denotes the interaction of the electrons 


with the constant electric field Ea, 1.€ 


F > F(t); F= —eE,x, 


t 


(2.7) 


An ensemble of such systems is described by the 
density operator R(t), which obeys the Liouville 


equation of motion 


ih dR(t)/dt = (A, R(t). (2.8) 
As an initial condition we shall assume, as in Ref. 
(1), that before the electric field is turned on at 
t = 0), the system is in thermal equilibrium and, 


therefore, the density operator is at that time 
Ho—-tN+YV), 
(2.9) 


R(0) = Ro = KsKefo(Hs4 


where 


fo(x) = exp(—x/kT) and N 


\ Ni 
:¥ 


is the operator for the total number of electrons. 


The normalization is taken so that 
K; > fo( Ex ) 
N 


K, t r} r{fo(Ho- tN)} K, S > fol > (x- C)ny | = 1, 
k 


nt 


Ks tr{ fo(Hs)} (2.10) 


(2.11) 
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i.e. tr Ry’ = 1, where R’”? is the value of Ro for 
= (), T he Fermi ene rey ¢ is chosen so that 


NS/Q = Ke tr{Nfo(Ho —LN)}/Q 


yields the desired electron concentration. 

Any deviation of R(t) for t > 0 from Ro is then 
clearly of the first order in the electric field or 
higher. To the first order in EF, we have, therefore, 


th dR(t)/dt = (Ap +Hs+V, R(t)]—C, (2.12) 
where 
C = [Ro, F}. 
We note that Ro and, therefore, C can be ex- 


panded in powers of V. The zeroth order of C, 


denoted by C'), is seen to be 


CO = [R® F) = KsKfo(Hs 


0°? 


» $F - ~ 
—{N \[L fo(Ho), F). 
(2.14) 
Since now operators referring to different particles 
commute, and 


fo( Ho) = I fo( Ho(t)), 


we have 


[fo(Ho), F] = fo(Ao) > f 9'(Ho(#))L/o(Ho()), FQ] 


4 


= fo(Ho) 2 Sf 9 (ex) 


ve oh i 
fo( Ho) —ie,)-— > ——Npy 
kT <™ ok, 


(2.15) 


[f(Ho), Flewatay 


the last step being a consequence of the relation 


Fic 
Combining equations (2.14) and (2.15) we have 
finally for the matrix elements in the |Nu> repre- 
sentation in which Ho and H; are diagonal 


[f lof (Ho), ieL, [¢ fo(ex) Ok, Ox " 


ek 
(0) x —— 
6s Na,Nw = - —ON NOnn KsKe ‘ 
tkT 


x fo(En+ En —C > 


(2.16) 


We note that in this representation the ‘“‘driving”’ 





DERIVATION OF BOLTZMANN TRANSPORT EQUATION FOR INELASTIC COLLISIONS 69 


term in the basic equation (2.12) has diagonal 
matrix elements in the zeroth order in V’, while the 
off-diagonal ones are of the first order in V. This is 
exactly as in the elastic scattering case. 

The method of KoHNn and LuTTINGER for the 
derivation of the transport equation from the Liou- 
ville equation (2.12) consists in the following two 
steps. First, equation (2.12) is solved for the off- 
diagonal matrix elements of R(t) in terms of the 
diagonal ones, Ryn(t), in a series of successive 
approximations in the strength of the scattering. 
Then, these are inserted back in equation (2.12) for 
the diagonal matrix elements. ‘Thus, an equation 
for the Ryn(t) only obtains, namely the transport 
equation. This procedure is most simply carried 
out by first transforming the differential equation 
(2.12) into an algebraic one. The Laplace trans- 
form is particularly convenient here, as the limiting 
value of Ryn(t) for long time, Ryn, is found 
directly from its Laplace transform by use of 
Abel’s theorem. Since these intermediate steps are 
identical to the ones of the elastic scattering case, 
we give only the final result. The transport equa- 
tion for the steady-state distribution function of 
the whole system Ryn, in the lowest Born approxi- 
mation for the scattering, is thus found to be 


(i/h)CNn+ > Wyn, wn(Rwn —Ryn) = 9, 


Nn’ oy 
17) 


where 
Wyn, Nv = (27 h)| V nn, Nn 28(Enn - En n’) 
(2.18) 


(0) (0 —_ , 
and C'y» = Cnn.nn is given by (2.16). 


It must be emphasized that the validity of this 
procedure, and consequently of the transport 
equation (2.17) as well, rests upon the existence of 
some singular properties of the matrix elements of 
V2, V3, etc., in the | Nn >-representation, as it was 
demonstrated in Ref. (1) and more generally dis- 
cussed by VAN Hove). Our discussion is restricted 
to interactions V of this kind. In particular, for the 
case of electron-phonon interaction, the usual 
mechanism of inelastic collisions in solids, it is not 
difficult to prove that this indeed 1s the case. It is, 
however, convenient at this point not to specialize 
our discussion to the electron—phonon interaction 
but to proceed with a general interaction V which 
is assumed to satisfy the necessary requirements. 


We shall discuss briefly the electron-phonon inter- 
action at the end of this section. 

Now we seek to deduce from (2.17) the transport 
equation for the one-electron distribution function 
fk, which gives the average number of electrons in 
the state |k > under steady-state conditions. This is 
by definition 


fic = tr{NR} = > meRyn. (2.19) 


Nn 
It is worth observing that knowledge of f;, enables 
us to calculate only the steady-state values of 
physical quantities which can be represented as a 
sum over one-electron operators diagonal in the 
|k>-representation: e.g. if 


then 


and its average value for the steady-state is 


J> = tr{ JR} = S Sek tr{NgR} = > Jense. 
k k 
In the plane wave representation the total elec- 
tronic current of the system is such a physical 
quantity. 
The transport equation for f; is obtained by 
considering equation (2.17) after multiplication by 


ny, and summation over N and 2, i.e. 


(2.20) 


drift 


where 


(i/h) S mCNn (2.21) 


Vn 


(Ofx/Ct)aritt 


> S Wyn, wnmdRyn- 


(Of/€t)con. Ryn). 


NN 


The evaluation of the drift term (2.21) is quite 
simple. With the use of equations (2.15) and (2.16) 
and the well-known relations 

tr{NcKefo(Ho—CN)} = frlex) 
{1+ exp[(e,—¢)/RT]} 
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tr{NeNpKefo(Ho—CN)} = felex)frler), (k' AR) (8x-%—8e-x). Thus, 


(2.24) of > Sow ~ 
ry eee ; : (Ofr/t)eon. = D D [Wren D me(1—mx)Ryn 
we see that it is given simply in terms of the Ne Ke "2 
Fermi-—Dirac distribution function fr, equation 
(2.23), namely — Wye nx’ S n(1—ny)Rwnj. (2.29) 
cL, 
We shall now introduce the usual assumption of 
statistical independence of the two subsystems and 
tr{NiNy-Kefo(Ho —CN)} write 


cht, 1. ti; a 
; —_Je(ex)[1 —Sr(ex)] 
h chk, kT where Py and pz are the appropriately normalized 
(—e/A)E - Vicfr(ex)- 28 distribution functions separately for the scattering 
system and the electrons, respectively. Py can be 
[he evaluation of the collision term (2.22) is any steady-state distribution appropriate to the 
more involved. We first observe that, since physical situation at hand. The establishment of 
W wn, Nn’ is symmetric in the indices Nn, N’n', we — sucha distribution is, of course, a separate problem 


Ryn = Pps, (2.30) 


can rewrite it as follows which cannot be answered within this framework. 
New interactions (e.g. phonon-phonon interac- 
N’ nN, —my) Ryn. tions) must be considered. Here we assume that 
such a distribution function for the scattering 


> Ww, 


system is given and we focus our attention on the 
Now, however, Wy n, Nn’ is given, through (2.18) problem of the determination of the steady-state 
and (2.6), in terms of the corresponding one- distribution of the system of electrons. 
electron transition probability rate by the relation It is then clear from equations (2.30) and (2.19) 


> Vink, NA Vn l NI n| a, Ue In’ p n'|apaj|n >(Enn — —E N ) 
7 


S Wyr NM AL —IMpe) © cee My —1 wee Mor $1 | 
kev 


where that the one-electron distribution function is 


Wye, nk = (22/h)| Vix, nx|?6(En t+ ex—En —ex). h= p3 NkPn 


28) ' nas 
an and equation (2.29) for the collision term can be 


This is a direct consequence of the properties of written as 
the creation and destruction operators. Thus 


p ee ; as 
(2.26) can be written (@fr/Ct)con. = 2 [ein > m1 —ne)pn 


k’ n 


(0f¢/@t)con. = >. ke, Nek”? WreK > ny(1—ny)pn], 


N’ keke n 


: , where 
> ny 1 —ny )Ryn > 2 - (n, —nx) x ,; 
n nN’ Wkk- = % Py S VU Nk, N’ks 

) N N’ 
ot—l.at+l. 
ad oe In order to proceed further, it is necessary to 


The last sum is now easily seen to be equal to know the average value of the product myny.{k # hk’) 
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for the steady-state distribution py. The average 
value of m, for this distribution is, of course, the 
one-electron steady-state distribution function f;, 
equation (2.31). Now for the equilibrium distribu- 
tion we know that the average value of the product 
nyny (k # hk’) is equal to the product of the average 
values of nz and ng,, as we have seen in equation 
(2.24). We shall now assume that this is true also for 
the steady state distribution, i.e. 


> mnvpn = fifers 


n 
This is clearly so if the steady-state distribution py 
is factorable into one-electron distributions, just 
as the equilibrium distribution 


‘n| fo(Ho—fN)|n> = = TI fol(e ex —C)ng] 

is. With this basic assumption, the collision term, 
equation (2.32), assumes finally the commonly con- 
1 expression 


[cone ‘: 


jecturec 
iL —fr) — Cee fil —fer)]. 


(2.35) 


(Ofk/Ct)cou. = D3 
e 


WK is given through equations (2.33) and (2.28). 

Equation (2. 25), the drift term, and 
equation (2.35), giving the collision term, est: 
the usual Boltzmann transport equation for the 
one-electron distribution function f; in the case of 
and inelastic 


giving 
iblish 


Fermi-—Dirac particles collisions, 
under the assumption (2.34). In this case, we see 
that the possible transitions are restricted by the 
exclusion factors (1—/j,) to unoccupied states only. 

The usual mechanism for inelastic collisions of 
electrons in solids is the electron-phonon inter- 
action. In this case the one-electron scattering 
operator, in the usual approximation of small dis- 
placements of the ions from their equilibrium 
is given in terms of the creation and 
bag by 


positions, 


destruction phonon operators bg, 


> Adlt\(ba+ 50), 


qd 


where gq = (q,j) denotes collectively the phonon 
wave vector g and polarization index j and A,(r) is 
a function of g and r, the exact form of which is 
not of importance here. The phonon Hamiltonian 


is 


Hs = > hwgbtbq, 


qd 


where /iwg is the energy of the phonon g. One finds 
then that the quantity w;,-, which plays the role of a 
transition probability rate, is given in terms of the 
absorption and emission probabilities for each 
phonon independently, namely 

Whi = (2n/h) > | <R| Ag|R’ 


— 


qd 


S(€xx: — hw) + N- g(€xke + hw). 


|2[(Nq+1)x 


is the average number of g-phonons when the 
lattice is characterized by the distribution function 


Py. If the lattice is in thermal equilibrium then 
Ay Wa T(Q) = 
N qd = N qa — N 1] re 


q 
higher 


= [exp(lw,/kT)—- 


Although we shall not exhibit the 
proximations in this procedure, it is essential to 


point out that they indeed turn out to be of higher 


ap- 


order in the strength of the electron-phonon inter- 
action. 
volume of the specimen is the same as that of the 


The dependence of these terms on the 


lowest order terms, the contributions of the inter- 
mediate states being reduced sharply on account of 
the well-known selection rules of the matrix ele- 


ments of b, and by and 


k'\A 


q\k k’, k+qe 
that the determination 


of the steady-state of the lattice is not possible 


It was pointed out before 
within this framework. It is perhaps worthwhile to 
however, that the analysis 
of the 


average number of g-phonons, /’g, due to collisions 


point out, previous 


allows us to calculate the rate of change 


with the electrons (phonon-drag). Since 


a 2 4 ) - . ) 
Fg = tr{b7bqR} 3 N Rwnn; 


Nn 


we have, in analogy to equations (2.26) ; 


N’n’ 
> (N, _ No)Wyn, N 
»2 Wye, Nk (N ; 
» ke 
> ny 1 —ny)Ry n 


—_— 


n 
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4Z 


For an interaction of the form (2.36) it is easy to hand member of (2.40) should be multiplied 


see that, under the basic assumptions (2.30) and _ by 2. 
(2.34), this reduces to the form REFERENCES 


. Koun W. and Luttincer J. M., Phys. Rev. 108, 590 


(oF, Ct)con, = (27 h) b 3 k Ag k’»|2 x (1957 
D/). 


kk 
} . See, for example, Pererts R. E., Quantum Theory of 
O€Kh — hwg)[ f,(1 oes | \( Fat 1)- AI —Jk Fg]. Solids. Clarendon Press, Oxford (1956). 
. CHESTER G. V. and THELLUNG A., Proc. Phys. Soc. 
(2.40) Lond. 73, 745 (1959). 
' ; . VAN Hove L., Physica 21, 517 (1955); 23, 441 
In order to take account of the spin, the right (1957). 
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Abstract—The short range ion—ion interactions in calcium fluoride are assumed to have the form 


hij = Ajj exp (—7/p). 


By calculating the electrostatic contribution to the elastic constants of calcium fluoride and comparing 
the results with the experimentally observed constants, it is determined that p = 0:28 x 10-8 cm, A,_ 
for Cat+-—F- is 3:09x10-% ergs, and A for F-—-F- is 1:04 x10-% ergs. These results indicate 
that the Cat+—F- interaction is about ten times larger than the F-—-F- interaction in this crystal. 
The deviation from the Cauchy relation is investigated by means of a model which allows relative 
motion between the sublattices making up the crystal, the model proves inadequate, however, and 
it is concluded that the failure of the Cauchy relation is due to a many-electron interaction between 


ions which cannot be approximated by a central interaction. 


Tue stupy of defects in ionic crystals has been 
facilitated because many of the calculations can 
be carried out on a classical basis. Thus, the 
principal interactions to be considered in these 
crystals are the Coulomb interaction, the short- 
range repulsion of ion cores, and polarization 
effects. The short-range repulsive interaction 
between two ions is usually expressed in Born 


Mayer form, 
$ij(”) = Aijexp(—1/pij), (1) 


where r is the separation of the ions, and Aj; 
and p;j are constants characteristic of the ion pair. 
The form of equation (1) is predicted theoretically 
from quantum mechanical calculations of the 
interaction between closed shell atoms, the con- 
stant A;; depending primarily on the number of 
electron pairs in the two-atom system but also 
on atomic size. 

From a statistical study of lattice energies and 
compressibilities of alkali-halide crystals, BORN 


and Mayer") deduced that pj is almost 


* Supported in part by the National Carbon Company, 
a division of Union Carbide Corporation, and in part 
by the U.S. Atomic Energy Commission. 


independent of ion type (i.e. pjj = p), and they also 
obtained an expression for Ajj: 


hij(”) = bey exp [(%1 +7; —7)/p]. (2) 


Here 6 and p are universal constants for the 
alkali-halide system, rj and 7; are ionic radii, and 
cjj is a dimensionless constant of order unity 
which depends on the charges on ions 7 and j. 

It has been customary to regard equation (2) 
as a universal expression for the interaction be- 
tween closed-shell ions, when the outer electrons 
are of the s, p variety. Thus, the association energies 
of divalent impurity—-vacancy complexes in alkali- 
calculated on this 
rather 


halide have been 
basis;'2:3) these calculations have been 
successful although it should be emphasized that 
the experimental situation concerning impurity— 
ions in 


systems 


vacancy association of Cd*++ and Cat 
sodium chloride is still in a state of flux. 

It is the purpose of the present paper to 
calculate the ¢jj;’s for Cat+-F- and F-—-F- 
from the measured elastic constants of CaFo, 
and thereby test the validity of equation (2) 
under circumstances where divalent ions are 1n- 
volved. The geometry of CaF2 is such that the 
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interaction should be appreciable in this 


F--F- 


crystal. 


1. FORMULATION OF THE PROBLEM 

The cohesive energy of calcium fluoride in- 
dicates that it is an ionic crystal consisting of 
calcium ions 
charged The 
tribution to the elastic constants can be calculated, 
therefore, by the Ewald method.) In addition to 
the Coulomb interaction, the ions are assumed to 


doubly charged and negatively 


fluoride ions. electrostatic con- 


have a short-range repulsive interaction of the 
A;; and p;; treated as disposable 
f I 


also a 


form (1), with th 
parameters. Strictly speaking, there 1s 
der Waals interaction 

» discussed in Section 4 but for the moment we 


first 


Van 


between ion cores; this will 


this interaction in with the dy;’s. In the 


model to be considered, it is assumed that the 


state of macroscopic strain completely specifies 


the positions of all ions in the structure; in other 


words, the two fluoride sublattices are assumed to 


remain at the (}4}) and (}}?) positions, 


re- 
‘24 
to the 


spectively, calcium sublattice. 
Under and since the 
Cauchy relation is satisfied, 


the three elastic constants, there 
iation of equilibrium to be satisfied. 
» of the ¢ auchy relation, this provic 
independent equations. We assume, 
\at p is independent of ion type, and 
equations to determine p, 
A is the repulsive inter- 
1e nearest neighbor Ca F 
constant for the next-nearest 
Because 
lly larger than 


. . ne . 
1lonic radius apparently 


the Ca 
F, 


smaller than that of F, it appears that the neglect 
of d.. is justifiable. On the basis of equation (2) 
one finds that ¢,, is only two per cent of ¢_, 
although the electron density maps of CaF2 made 
by Witre and Wo.reL™) do not really support 
this result; perhaps 10 to 15 per cent is a more 
reasonable estimate for ¢,,/é__. At all 


calculation indicate that the 


events, 
this 
dominant repulsive interaction in CaF2 is the Ca-F 


the results of 


interaction. 
The present calculation depicts the crystal in the 


vicinity of 0°K. The low temperature elastic 
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constants of CaF2 which have been measured by 
HUFFMAN and Norwoop®), are 
Ci — 


Cig = 5-6 x 1011 dynes/cm2, 


17-4 x 10" dynes/cmé?, 


Cy, = 3:59 x 10!! dynes/cm?. 


Since the Cauchy relation is obviously not obeyed, 
the experimental data is reinterpreted in terms of 
the previously defined theoretical model; the 
adjusted value of Cig and C44 is taken to be* 
4-60 x 1011 dynes/cm?. The lattice constant of 
CaF is taken to be dp = 5-440 x 10-8 cm. 


2. ELECTROSTATIC CONTRIBUTION TO THE 
ELASTIC CONSTANTS 

The electrostatic contributions to the elastic 
constants may be easily calculated with the aid of 
the EwaLp method.) ‘The Coulomb energy of the 
crystal per unit volume, Ue),, depends on the state 
of strain since the distances between atoms are 
functions of the strains (ezz, éyy, etc.). The elastic 
shear constant 4(C};—Cj2) is obtained by setting 
€xx equal to e, éy, equal to —e, all other strains 
equalto zero, and differentiating twice at constant 
volume with respect to e: 


—( 1(d?U¢), /de?). (3) 


12)el. 


constant C44 is obtained by setting 


and all other strains equal to zero. 


The elastic 
1 11 
€zy equal to @, 1} 
Then 
(C44) 


This calculation has been checked by using two 
different values of the Ewald separation constant. 


The separation constant enters the Ewald method 


when the slowly convergent Coulomb series 1s 


replaced by two rapidly convergent series. 
* If the failure of the Cauchy relation is due to a many- 


electron interaction between the ions, then the best 
a priori way of meeting the Cauchy condition appears 
to be a simple averaging of Cie and Caa. If the failure is 
due to relative motion of the sublattices making up the 
logical to take 
was 


then it 
= (Ci2)exp. 


crystal, would seem more 
Ciz = C When the present 
initiated, we did not have the experimental results of 
HuFFMAN and Norwoop, but only the older room- 
on CaFe2. According to the older 


work 


14 


temperature data‘? 
experiments Ci2 was only 30 per cent larger than C4a; 
hence, the deviation from the Cauchy condition was of 
the same order as that of a typical alkali-halide crystal. 
The failure of the Cauchy relation will be discussed in 
more detail in Section 5. 
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The results are summarized below; since the 

calculation is straight-forward, the details are not 
given :* 

(Cy —C\2)e1, = 33-7897 e/a, (5) 

(C4a)e1, = "12.2046 efa4 (6) 


0 
Here ¢ is the electronic charge and dp is the lattice 
constant. 

The electrostatic contributions to the equation 
of equilibrium and the bulk modulus B = 4(Cy.+ 
2Ci2) are obtained by writing the total Coulomb 
energy in terms of the well-known Madelung 
constant « and differentiating with respect to 
ao: 

Ca)ja=a, = (No/4) (4ae?/a5), 


—(8/9)xe2/aé 


[e(V Ue.) 

Ber, _ 

Here V is the volume of the crystal containing 

No molecules, and « = 11-6366 is the Madelung 
constant for CaFs. 


3. REPULSIVE CONTRIBUTION TO THE ELASTIC 
CONSTANTS 


The repulsive contribution to the elastic con- 
stants may be calculated in a similar fashion. ‘The 
basic interactions are taken of the form of equation 
(1), but because of the short-range nature of the 
interaction only nearest-neighbor and second 
nearest-neighbor (F-F) terms are included. ‘The 
results are as follows: 

3(Ci1—Ciz)rep, = (2/pa*) x 
[ —(4/+/3)A+_ exp (—+/(3)a/4p) + 
(a/2p—1)A__exp(—a/2)}, (9) 


(C4a)rep, = (2/pa*)[(a/3p —8/(3)/9) A+- 
exp (—+/(3)a/4p) —2A— exp (—a/2p)], 
(10) 
(3) As— x 
A— exp(—a/2p)], 


[(V Usep,)/€a]a a = —(No/p)[2 


exp (—/(3)a/4p)+3 (11) 


Brep, = (2/3p%a)[ As exp(—+/(3)a/4p) 4 


A__ exp (—4a/2p)]. (1 2) 


* Persons interested in the detailed Sinteiintion are 
referred to the report by R. N. Serrz(®), 
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The parameters A,_, A__, and p have been defined 
in Section 1. 


4. DISCUSSION OF RESULTS 

Adding the electrostatic and repulsive contri- 
butions, and equating the result to the adjusted 
experimental values of the elastic constants of 
CaF2, we obtain three independent equations for 
A,_, A__, and p. Their simultaneous solution 
yields 

0:28 x 10-8 cm, 


= 3-09 x 10-9 ergs, 
_ = 104~x 


10-9 ergs. 
This represents the total short-range interaction 
between ions, including the van der Waals inter- 
action. This, perhaps, is the most useful form of 
the interaction energy. 

But in order to compare the result obtained 
here with those obtained from equation (2) it is 
van der Waals terms into 


necessary to take the 
each elastic constant is 


account explicitly. ‘Thus, 


considered to be made up of three parts: electro- 
static, short-range repulsive, and a van der Waals 
term. If the van der Waals terms can be estimated, 
the preceding method can again be applied and 


the equations solved simultaneously for A,_, A__ 
and p. 

The van der Waals binding energy between two 
ions 7 and 7 may be expressed by 


iy = Mvit+v5), 


where h is Planck’s constant, 
series limit frequencies of the discrete spectra of 
the ions z and j and «% and «; are the polarizabilities 
of the ions. Only the dipole-dipole term is con- 
this contribution to the elastic constants 


(13) 


vy, and v; are the 


—(3h/274, ou [hjViV; 


sidered; 
turns out to be approximately 10 per cent of the 
repulsive term, and dipole—quadripole effects are 
expected to be an order of magnitude smaller. 
v, is taken to be 3/4 of the third ionization potential 
of calcium, and v_ is estimated to be 17:0eV 
using MAYER’s method") and the beginning of the 
optical absorption™2) in CaF: at 1220 A. The 
polarizabilities are taken from TESSMAN ef al,“9) 
The data are summarized in ‘Table 1. 

Since the 74; depend upon the state of strain of 
the crystal, the contributions from equation (13) 
to the elastic constants may be obtained by the 
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Table 1. Series limit frequencies and ionic polari- 
zabilities in calcium fluoride 


38:2 eV 
17-0 eV 
1:1 x 10-24 cm? 
0-64 x 10-24 cm?# 


procedure outlined in Sections 2 and 3 (see also 
Ref. 10). The results may be summarized: 

2(Ci1 —Ci2)vaw or (C414)vaw 
+-2S,a,_+2S__a_), 


(14) 


= —(12/Qr8\(Si+44 
[a V U,aw)/@a]a—a, =(12No/a0r§)(S++4 
280 (15) 


Byaw 
2S,-a;-+2S__a_). (16) 


Here Q 

rg is the 
aj; = (3h/2)xjx;vjv;/(yi+v;), and Sj is a 
sum constant. For example, for 0(VU)/éa and B, 
S._ is just the sum of (79/7;;)® over all fluorines in 


. 
a, is the volume of the cubic unit cell, 
distance, 
lattice 


nearest-neighbor Catt—F 


the rigid structure measured relative to a calcium, 
etc.; for C44, S._ is the sum of 
(Yo r43)8(7u; Us 

over all fluorines in the rigid structure relative to a 
calcium, with mj, vj, wiz the rectangular compon- 
ents of 7;; (see Ref. 10). The Sj; are given in ‘Table 
2; for 0(VU)/0a and B the Siz were easily deter- 
mined from the work of Jones and INGHAM"), 
whereas for 3(Ci; — Cig) and Cj;, the sums made 
Table 2. Lattice sum constants for the van der Waals 
elastic constants of the CaFe 

structure. 


contribution to the 


Elastic 
constant 
—9-S6 
4-54 
8-8607 


2(C11 —Ci2) 
Caa 
o(VU)/da or B 
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directly by including terms out to the point where 
their numerical contribution is negligible. 

The elastic constant equations are again solved 
simultaneously for A,_, A__ and p, but this time 
with the van der Waals terms included as separate 
contributions. The results are 


p= 0-285 x 10-8 cm, 
A,— = 3-07 x 10-9 ergs, 
A_ = 1:15 x 10-® ergs. 


The repulsive terms ¢,_ and ¢ 
these values are listed in Table 3. 


_ calculated from 


Table 3. Closed shell ion-ion interactions in 
calcium fluoride (exclusive of the van der Waals 
term) in ergs. 


From Born—Mayer 
theory equation (2) 


Interaction From elastic 


constants 


0-79 x10 12 
0-083 x 10-1" 


0:25c,_ x10-!2 
0-108c__ x 10-12 


The form of equation (2) was originally pre- 
dicted by Born and Mayer") from a statistical 
study of alkali-halide crystals. A recent study by 
Fumi), also limited to alkali-halides, gives 
b = 0:25x 10-12 ergs, p = 0-333x 10-8 cm, and 
the ionic radius of fluorine = 1-22 10-8 cm. 
If we extend this model to CaFo, then since the 
sum of the ionic radii should equal the Ca—F 
separation, we find the ionic radius of calcium to 
be 1-135 x 10-8 cm. The repulsive terms ¢,_ and 
¢__ calculated from equation (2), using Fumi’s 
also listed in Table 3. There is 
really no adequate theory of the ionic charge 
parameters (c,_ and c__); according to Born—Mayer 
theory® ¢, =1-125 andce 0-75. We conclude, 
therefore, that conventional Born—Mayer theory 
underestimates the Ca—-F interaction in CaFe 
by about a factor of three, but it does give the 
correct order of magnitude for the F—F interaction. 


parameters, are 


Note added in proof 

By conventional Born—Mayer theory, we imply the use 
of equation (2) together with parameters b and p deter- 
mined from alkali-halide Such a _ procedure 
ignores the equilibrium relation for the crystal under 


work. 





CLOS 


consideration, and it is evident that the entries in the last 
column of Table 3 do not satisfy the equation of equili- 
brium for CaFe. An alternative procedure in the use of 
equation (2) is to fix only p in advance and determine } 
from the equation of equilibrium. Furthermore, the 
Witte—Wolfel electron density maps’) suggest that the 
is larger than that of F~ in CaFo; 
is ‘“squeezed’’ more in 


ionic radius of Ca*t 
this is not unreasonable since F- 
this structure than in the NaCl structure; and thus, its 
ionic radius may well be less than 1:18 x 10-8 cm. 
With these modifications, determining 6 from element- 
ary equilibrium considerations, and allowing for a 
structure-dependence of the ionic radius, the Born— 
Mayer values for the interaction energies tend to agree 
more closely with the entries in column 2 of the table, 
although the agreement is still not perfect. We are in- 
debted to Professor F. G. Fumi for much helpful dis- 
cussion in this connection.) 


5. FAILURE OF THE CAUCHY RELATION 

The failure of the Cauchy relation in ionic 
crystals is usually attributed to a many-electron, 
non-central interaction between ions."7) In CaFo, 
however, there is another possibility for failure 
of the Cauchy relation since the state of macro- 
scopic strain does not completely specify the posi- 
tions of all ions in the structure; i.e. calcium 
fluoride consists of three sublattices: a calcium and 
two fluoride sublattices, and these can move in- 
dependently during a strain. If the repulsive inter- 
actions dominate the situation, then it is reasonable 
to assume that each ion will adjust its position so 
that all of its nearest-neighbor distances are equal. 
This, then, is the second model we investigated for 
CaF2. In hydrostatic compression and in the shear 
characterized by (Cj, — Cg), there is no difference 
between this model and the one discussed earlier, 
but for the C44 shear there is a difference. 

Assume that the C44 shear takes place in the 
x-y plane. Then in order to keep nearest-neighbor 
Ca-F distances equal to one another, one of the 
fluoride sublattices must move in the + z direction, 
the other in the —z direction relative to the 
calcium sublattice.* Actually a somewhat more 
used in the calculation: a 
parameter a was that 
x = 1, the nearest-neighbor Ca—F distances were 
all equal independent of the state of strain, and 
when « = 0 the model reduced to the original 


general model was 


introduced such when 


model discussed in Section 1. 


* A similar model was proposed by JAFFE‘!®) to explain 
the piezoelectric effect in zinc blende structures. 
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The result for the electrostatic contribution to 
C44 was found to be 


(Caa)er, = (—12-2046 + 80-4613a)e2/a8. 


(17) 


The repulsive contribution contains, in addition 
to equation (10), terms in « and «?. Using the 
actual experimental values of the elastic constants 
and the equation of equilibrium, we attempted to 
solve the four simultaneous equations for «, p, 
A._, and A__. Unfortunately, we could not find 
a solution with reasonable values of these con- 
stants; the best approximate solution was obtained 
for « ~ 0. The difficulty seems to be traced to the 
following situation: as « is increased from zero, 
the repulsive term decreases as required to make 
C44 less than Cj2, but the electrostatic term (see 
equation 17) builds up so rapidly that it cancels 
the effect. 

We conclude, therefore, that relative sublattice 
motion is not important in CaF», and that the 
failure of the Cauchy relation is due to a many- 
electron interaction between ions which cannot be 
approximated by a central interaction. ‘Thus, the 
results of Section 4 give only the “‘central’’ part or 


averaged part of this interaction. 
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Abstract—The dynamic nuclear quadrupole interaction (first derivative of the quadrupole inter- 
action with respect to strain) has been measured for the I!2? nucleus in crystals of CsI, RbI, KI, 
and Nal. These measurements were made by observing the resonant absorption of energy from an 


acoustic wave by the nuclear spins. Longitudinal waves propagating along a cubic axis of the crysta 


were used. 


i 


The observed values of the dynamic nuclear quadrupole interaction are: CsI, 1600 Mc; RbI, 
615 Mc; KI, 300 Mc; Nal, 660 Mc. These values can be correlated with the chemical shift of the 
iodine ion in these crystals with the help of a simple model. This model, which is based on work of 
‘Townes and DaiLey and Yosipa and Morrya, attributes the quadrupole coupling and the chemical 


shift to the hole left in the outer p shell of the 


ion. This hole is due to the distortion of the ior 


(admixture of excited states) by the crystal surroundings. In connection with this work, the chemical 


shift of Lil12? was measured and found to be —3-3 x 1074, 


INTRODUCTION 
Nuctet which have an electric quadrupol 
moment will interact with an electric field grad- 
ient,4.2) In many molecules and crystals, this 
quadrupole interaction results in a splitting of the 
energy states corresponding to different orien- 
tations of the nucleus. The electric field gradient 
is caused by an anisotropic distribution of charg¢ 
around the nucleus, and in most cases is due to 
the electron shells surrounding the nucleus. 
Experimentally observed quadrupole interactions 
can thus be very useful in the determination of the 
electron density distribution in a molecule or 
crystal, (3) 
The alkali halide crystals have lattices which 
show cubic symmetry about each nucleus. ‘This 
causes the field gradient and the quadrupole inter- 
action to vanish for the undistorted crystal. Dis- 
tortion of the crystal, however, will destroy the 
cubic symmetry and create a field gradient. ‘This 
field gradient will be a linear function of the 
strain in lowest order, and there will also be 
quadratic and higher order terms. Since both the 
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field gradient and the strain are second rank tensor 
quantities, the linear relationship between them 
k tensor similar 
the elastic constants t The 
described by ‘TAYLOR 


will be expressed as a fourth ran 


in nature to nsor. 
properties of this tensor are 
and BLOEMBERGEN, who term it the S tensor.“ 
In this paper, we term this tensor the dynamic 
field gradient, and the resulting interaction with 
the nuclear quadrupole moment the dynamic 
quadrupole interaction. 

The existence of such a dynamic quadrupole 
interaction has two consequences: (a) a broadening 
of the nuclear magnetic resonance line by random 
strains in the crystal, and (b) a coupling between 
the nuclear spins and lattice vibrations. Both of 
these effects have been used to estimate the mag- 
nitude of the dynamic quadrupole interaction in 
alkali halide crystals. In order to describe the 
observed results, it is useful to discuss at this 
point a simple theoretical model. ‘This is the 
point charge model, which assumes that the electric 
field gradient at a nuclear position is caused by 
point charges at the positions of the neighboring 
ions. The magnitude of these charges is taken as 


y times an ionic charge, where y is an open 
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parameter. The dynamic quadrupole interaction is 
then due to the displacement of these charges by 
the distortion of the crystal. 

Effects of plastic deformation of a crystal on the 
nuclear magnetic resonance line shape have been 
studied by Warxins®) and by Otsuka). Similar 
studies on mixed alkali halide crystals have been 
made by Kawamura et al.) A difficulty in this 
approach is presented by the estimation of the 
local lattice distortion due to the plastic defor- 
mation or the impurity admixture. For the case 
of the iodine nucleus, WATKINS estimated a value 
of y of 300 in KI, while OrsuKA estimated a 
minimum value of 50 for the same substance. 

The quadrupolar coupling between the nuclear 
spins and the lattice vibrations is responsible for 
the thermal relaxation of those nuclei possessing 
appreciable quadrupole moments, in particular 
[!27, At all but very low temperatures, this relax- 
a second-order, 
two 


ation takes place by means of 
Raman-type of which 
phonons having the appropriate energy difference. 


process involves 
This Raman process depends upon the quadratic 
terms in the local field gradient. The relaxation 
different of the 
dynamic quadrupole interaction, namely, a second 


process thus involves a aspect 
derivative with respect to strain. This is in con- 
trast to the line broadening discussed above and 
to the first order resonant phonon interaction dis- 
both of involve a first 


respect to A theory of 


cussed below, which 


derivative with strain. 
thermal relaxation in ionic crystals based on the 
point charge model has been worked out by VAN 
that the 


room 


& 


KRANENDONK'§), According to model, 
thermal [127 in KI at 


temperature (0-018 sec) requires a value of y of 


relaxation time of 
850. More elaborate calculations, still using the 
point charge model, but taking into account the 
effect of the optical modes, have been made by 
WIKNER eft al. 300 


required by the relaxation time of KI!2’, 


They find a y of about 


The first order or resonant coupling between the 
nuclear spins and the lattice vibrations does not 
contribute to the thermal relaxation at ordinary 
temperatures because the number of phonon 


modes in the required energy range is extremely 


small. The coupling has, however, been observed 


by introducing a large density of resonant phonons 


in the form of an acoustic wave. Because the 


effective temperature of this acoustic energy is 


MENES and D. I. 
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extremely high, the coupling results in an energy 
flow from the acoustic wave to the nuclear spin 
system. The effect upon the acoustic wave is a loss 
of intensity or attenuation, and the effect on the 
nuclear spin system is a departure from a thermal 
distribution corresponding to the crystal tem- 
perature, thus resulting in a loss of intensity or 
saturation of a nuclear magnetic resonance signal. 

Proctor et al. have observed this nuclear spin 
saturation by acoustic energy.“°) Proctor and 
RoBINSON, working with NaCl, estimated the 
dynamic quadrupole interaction for the Na nucleus 
to correspond to a value of y of 1-4. A serious 
problem in this method is the difficulty of knowing 
the acoustic energy density in the same crystal. 
TAYLOR and BLOEMBERGEN™)? tackled this problem 
by measuring the displacement due to the acoustic 
wave with a capacitance probe. Working also with 
NaCl, they obtained a value of 5 for y of Na, and 
a value of 9 for the y of Cl. JENNINGS et al.9 
measured the ratio of the quadrupole interaction 
of I to that of Na in Nal. Their results give a 
ratio for the respective values of y for I and Na 
of 10. 

The present authors measured the attenuation 
of an acoustic wave due to its coupling with the 
nuclear spin system."?) From the observed attenu- 
ation, the magnitude of the dynamic quadrupole 
interaction could be determined. A value of y of 
26 was obtained for Br!4 in KBr, and a value of 
38 was found for the I? nucleus in KI. 

The observed values of y for heavy halide nuclei 
such as I or Br are considerably larger than unity. 
This means that the internal electric field gradients 
are much larger than can be accounted for by the 
charges on the neighbor ions, and must thus be 
due to electronic charges in the ion itself. Since the 
closed shell configuration of the free ion is spheri- 
cally symmetric, the quadrupolar interaction must 
be due to a deformation of the ion, i.e. to a 
departure from a closed shell configuration. The 
dynamic quadrupole interaction is then due to the 
change in the ion deformation when the crystal 
is strained. 

The deformation of the ion can be ascribed to 
two main causes: the electric fields within the 
crystal and the Pauli repulsion of the neighbors. 
The internal field gradients resulting from the 
deformation of an ion by the field of an external 
charge have been calculated for a number of 
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ions.(13,14) These calculations show that the 
internal electric field gradient at the nuclear 
position is larger than that due to the external 
charge alone by an “‘antishielding”’ factor, (1 — yc). 
These results are, of course, the basis for the 
point charge model which we discussed, the anti- 
shielding factor (1—y,,) becoming the multipli- 
cative factor y. The antishielding factor may 
become quite large for heavy ions; calculations by 
WIKNER and Das give values of 100 and 180 for 
(1—y,,) for Br- and I-, respectively.“4) The 
relatively large values of y observed for the heavy 
halide ions are thus made plausible. The quanti- 
tative agreement, however, is not good. 

An attempt to take the Pauli repulsion into 
account, and calculate the internal electric field 
gradient of an ion from its overlap with its neigh- 
bors has been made by Konpo and YamasuiTa"®), 
These authors calculated the electronic charge 
density surrounding a nucleus from a determin- 
antal wave function made up from ion orbitals. 
The overlaps were handled by a Léwdin ortho- 
gonalization. There is, however, some question as 
to the validity of certain approximations made in 
the calculation. It is also possible that this approach 
may not be too useful for heavy halogen ions. A 
calculation similar to Konpo and YAMASHITA’S 
gives the wrong sign for the quadrupole coupling 
of bromine or iodine in alkali halide molecules. 

In this paper, the more phenomenological 
approach of YosrpA and Mortya“!® is used to 
interpret the observed quadrupole interactions in 
alkali-iodide crystals. This approach is similar to 
Townes and DalILey’s treatment of alkali-halide 
molecules. The deformation of the electron cloud 
of the ion is assumed to be representable as the 
excitation of an electron in an outer p orbital to a 
higher state.* The electric field gradient at the 
halide nucleus is then primarily due to the hole 
left in the p orbital. The contribution of the 
excited state to the field gradient is small, as dis- 
cussed by Townes and DaiLey®), and is neglected. 

In this theory, the amount of admixture of the 
excited state, A, is left as an open parameter to be 
determined by comparison with the experimental 
data. The dynamic quadrupole coupling is then 


* We describe the distortion of the halide ion as an 
admixture of some excited state rather than as an electron 
transfer (covalency) because we want to avoid being 
specific about the details of the admixed state. 


F 


due to the variation of A with internuclear spacing. 
In this paper, we assume that the variation of A 
with internuclear spacing follows the same ex- 
ponential law as the repulsive potential in the 
Born—Mayer theory of elastic constants, and the 
effects of the various neighbors are additive. 
Since this is a phenom -ological theory, the 
amount of excited state admixture, A, obtained 
from the quadrupole coupling should, if possible, 
be compared with the A obtained from some other 
measurements. According to Yosipa and Mortya, 
some of the other quantities which depend upon 
A and which may be used to determine it are the 
paramagnetic chemical shift and the indirect 
exchange spin-spin interaction. The chemical 
shift is the fractional change in the local magnetic 
field at the nuclear position due to the second 
order paramagnetism of the surrounding electrons. 
Since this second order paramagnetism vanishes 
for closed shell configurations, the chemical shift 
depends upon the distortion of the ion charge 
distribution. The shift can 
thus be used to estimate this distortion, or, in 


observed chemical 


terms of our model, the amount of excited state 
Since the chemical shift is easily 


admixture A. 
measured, and is known for most of the crystals 


studied, it is a good independent check on the A 
obtained from the quadrupole coupling data. 


EXPERIMENTAL 

Measurements of the dynamic quadrupole inter- 
action were made on single crystals of CsI, RbI, 
and Nal. Results for KI have been reported 
previously. "!*) All measurements were made using 
longitudinal sound waves propagating along a 
[100] direction of the crystal. In the notation of 
TAYLOR and BLOEMBERGEN (which is similar to 
the Voigt notation for the elastic constants tensor) 
this corresponds to a measurement of the Sj, 
component of the dynamic field gradient tensor. 
(In a material having cubic symmetry, there is one 
other independent component of this tensor.) 
Since the experimental technique is described in 
detail in the paper on KI and KBr, only a brief 
sketch is given here. 

In essence, the experimental method involves 
the measurement of the additional attenuation 
suffered by an acoustic wave in the material when 
the wave is in resonance with the precession 
frequency of the nuclear spins. (Because nuclear 
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transitions having a Am +2 as well as Am = 


1 are allowed by the quadrupolar interaction, a 


nuclear attenuation also occurs when the fre- 


quency of the acoustic wave is twice the precession 


frequency of the nuclear spins.) The magnitude 


of this attenuation can be related to the strength 


of the dynamic quadrupole interaction. 
The sample is cut and polished so as to be 


‘ically resonant in the desired mode, anc 


with a quartz piezoelectric transducer. In 


system, the resistive component of the 


transducer impedance depends upon the acoustic 


nuation of the sample material. The transducer 


] + 
controls the 


marginal oscillator in a conve ntional 


uch an oscillator is extremely 


hanges in resista e, 1t reacts 


iall additional acoustic attenuation caused 


i 


lear spins. The signal from the marginal 


observed in the conventional manner 


with magnetic field modulatior synchronous 


aetection. 
Since many of the factors controlline 
accuracy final result are peculiar 


method of measurement, a somewhat detailed 


cussion of these may be in order at this px 


We divide this discussion into two parts: namely, 
the calculation of an acoustic attenuation co- 
from the 
the dynamic quadrupole interaction 


efficient observed signal, and the cal- 
culation of 
from this attenuation coefficient. (It is possible, 
and even somewhat simpler, to obtain the quad- 


rupok interaction from the ratio of absorbed 
acoustic power to acoustic energy density without 
introducing an attenuation coefficient. However, 
the introduction of this concept makes clearer the 
manner in which the energy absorption by the 
nuclear spins causes a change in the electrical 
impedance of the transducer.) 

As described in Ref. (12), the resistive com- 


ponent of the transducer impedance is given by 


This relation is derived for the case of a piezo- 
electric transducer having an electromechanical 
(2a), 
sample having a density p, 
length /, and attenuation coefficient «. The stand- 
purely one- 


driving a resonant 


of sound c, 


transformation ratio 
velocity 


ing wave pattern is assumed to be 
dimensional and to have a cross sectional area S. 


and D, I. 
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The change in the attenuation coefficient due to the 
nuclear spin absorption causes a change in the 
transducer resistance which is reflected by the 
matching network into a conductance change at 
the marginal oscillator terminals. ‘The sensitivity 
of the oscillator to such a change was measured 
with a WarTKins®) type of calibrator using a 
element. 


variable resistance 


the 


fuse bolometer as 
The 


obtained from bridge measurements. The electro- 


characteristics of bolometer were 
mechanical transformation ratio of the transducer 
was from the the 
latter. Values of the density of, speed of sound 
in, and length of the sample are known. The 


calculated dimensions of 


remaining quantity necessary for the determin- 
ation of the nuclear acoustic attenuation coefficient 
an from the marginal oscillator signal is the cross- 
sectional area of the standing wave pattern, S. If 
there were no beam spreading due to diffraction, 
S would be equal to the 
We assume that the effect of beam spreading is to 
make JS larger than the but to 
wave un- 


driving transducer area. 
transducer area, 
standing otherwise 


still essentially one-dimensional and 


leave the pattern 
altered, 1.€. 
longitudinal. The value of this S is then obtained 
from measurements of the background attenuation 
of the sample and from the transducer resistance 
corresponding to this background attenuation. ‘The 
background attenuation coefficient is measured by 
oscilloscopic observation of the mechanical ringing 
time of the sample. The transducer resistance 1s 
measured on a Q-meter. Comparison of the value 
of S obtained in this manner with the dimensions 
of the transducer and of the sample is used to 
check on the validity of this procedure. 

The relationship between the nuclear acoustic 
attenuation coefficient and the dynamic quadrupole 
interaction in given in equations (1) and (2), 


and Am = +1 


function of the 


respectively, for the Am +2 
transitions. The constant K is a 
nuclear spin and for [127 (I = 5/2) has a value of 
2177/1600. 


y2 
an = KN(e?Qqi)? ——— g(v) sin*6 (1) 
pcrkl 


9 


yf 
an = 4K N(e?Qq1)? g(v) sin?@ cos?6 
perkT 
(2 


N is the number of spins per cm’, y is the 
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frequency, p the density of the material, c the speed 
of sound, k Boltzmann’s constant, 7 the absolute 
temperature, g(v) is the shape function, and @ is 
the angle between the direction of the longitudinal 
strain and the main magnetic field. (e?Qq1) is the 
dynamic quadrupole interaction, eQ being the 
nuclear quadrupole moment and eq; being the 
first derivative of eg with respect to strain. For 
the orientation used in this experiment, eq; = Sj 
of TAYLOR and BLOEMBERGEN. All of the quantities 
necessary to calculate e?Qq; from %» are easily 
obtainable with the exception of the shape function. 
g(v). This shape function presents a difficulty 
which is present in any experiment depending 
upon an absolute measurement of line intensity. 
The problem is especially serious in the present 
experiment for two reasons: the relatively large 
quadrupole interaction which is necessary for the 
effect to be observable also causes the n.m.r. line 
to be easily broadened by strains in the material, 
and the particular transitions which are observed 
in this experiment (the so-called satellite tran- 
sitions) are the ones which are the most susceptible 
to strain broadening. A result of this broadening 
is that the observed line does not contain all the 
transitions; some of the transitions are shifted 
out to such an extent that they are lost in the 
noise. The observed line width is therefore 
narrower than the actual line width. In order to 
obtain the actual g(v) from the observed g(v), we 
need the fraction of transitions which are included 
in the observed line. We obtain an estimate of 
this fraction by comparing the acoustic absorption 
line with a conventional n.m.r. line for the same 
sample. Since the coupling is known in the latter 
case, a quantitative analysis of the line is possible 
and the fraction of transitions represented by the 


Table 1. 








Length 
l 


(cm) 


Sound 
velocity 
(10° cm/sec) 


Density 
Sample | p 
(gm/cm?) 








2°93 
2:90 
2°64 
2:29 


Acoustic properties of specimens 
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n.m.r. line can be calculated. Account has to be 
taken of the fact that the central component of the 
n.m.r. line (the +1/2 to $ 1/2 transition) is missing 
in the acoustic line; this central component is 
generally easy to identify in the n.m.r. line since 
to first order it does not suffer any strain broaden- 
ing. 

Conventional n.m.r. measurements were made 
on all the samples used in the acoustic work, and 
on a crystal of Lil. (The Lil crystal was of very 
poor quality, and no acoustic results were obtained 
for it.) ‘These measurements were used to obtain 
an estimate of the line loss due to broadening, as 
explained above, and also to obtain the value of 
the chemical shift for nuclei in these 
substances. The reference for the chemical shift 


iodine 


measurements was a crystal of KI whose shift was 
taken to be —1 x 10-4. The chemical shift measure- 
ments agreed well with previous values, 7) except 
Lil which had not been measured before. 

Acoustic data for the specimens used are given 
in Table 1. The values of S (the effective area of 
the standing wave pattern) obtained for RbI and 
Cs] are in fair agreement with diffraction estimates. 
In KI the diffraction pattern is much larger than 
the sample cross section, and the standing wave 
pattern is thus limited by the sample size. The 
case of Nal is anomalous; the area S is smaller 
than the transducer area. In the NaI sample an 
imperfection in the crystal necessitated placing 
the transducer off center. This position of the 
transducer, as well as the imperfection, probably 
prevented the standing wave pattern from assum- 
ing a larger area. 


RESULTS 
N.M.R. results for the specimens are given in 


Background 
attenuation 


Transducer 
area 
(cm?) 


Sample | 
area 
(cm?) | coeff. xo 
(cm?) 


(cm?) | 


| 
} 





0-0062 
0-00155 
0-0105 
0-0061 


0-86 
0-86 
1-69 
1-83 


| 
0-81 | 
1-66 
1-79 
2-90 
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Table 2. N.M.R. and n.m.r.a.a. results 


N.M.R Fraction 
N satellite 
line 
width 


(kc) fw 4 


obser \ ed 
line 


width 
(kc) 


Sample | (10°?/cm?) in sat. 


line 


10°5 
6-0 
118 


s°U 


widths and 


the 


Table 2. The satellite line 
fraction of 


components were obtained with the sample in the 


n.m.r. 
transitions observed in satellite 
same orientation relative to the magnetic field as 
in the The all 
specimens except RbI were taken with relatively 
small field modulation, of the order of several 
gauss. The RbI 
large field modulation, 60 G. This large modu- 


acoustic runs. n.m.r. lines for 


n.m.r. line was obtained with 
lation brought out the widespread wings of the 
line, and increased markedly the fraction of tran- 
sitions observed in the satellite lines. ‘The acoustic 
lines were all observed with large field modulation, 
of the order of 1/2 the line width. The acoustic 
lines for which data are shown were all Am = +2. 
transitions, and the samples were oriented so that 
the [100] axis along which the sound waves were 
transmitted was perpendicular to the magnetic 
field, except for CsI where the angle was 57°. 
The limiting factor in the accuracy of the value 
of e?Qq is the estimate of the fraction of transitions 
which the The 
situation is best for KI, where the acoustic line is 


are observed in acoustic line. 
relatively narrow and is almost identical in shape 
and width to the satellite part of the n.m.r. line. “?) 
Because of this, the assumed fraction of transitions 
included in the acoustic line was taken the same as 
the fraction of transitions observed in the satellite 
part of the n.m.r. line. In the case of the other 
samples, the comparison was not so simple, and a 
certain amount of judgment was used in estimating 
the fraction of transitions in the acoustic line from 
the n.m.r. line. This estimate is probably good to 
+50 per cent, except for CsI where it should be 
good to within a factor of two. If we add to this 


N.M.R.A.A. 


Nuclear Chemical 
abs. shift 
coeff. h o 
Xn (Mc) (10-4) 

(10-* 


Fraction 

assumed e°Oq1 

in n.m.r.a.a. 
line 


(% ) cm) 


2:10 
1-4 
0-281 
7.9 


ad 


660 
300 
615 
1600 


the possible errors due to the n.m.r. measure- 
ments and the we 
obtain confidence limits of a factor of 1-4 for the 


to acoustic measurements, 
quadrupole interaction e?Qq) in the alkali iodides 


(with a somewhat larger factor for CsI). 


DISCUSSION 

We interpret the experimental results on the 
basis of the simple phenom-ological model des- 
cribed in the introduction. This model assumes 
that the quadrupole interaction and the chemical 
shift of the iodine nucleus are due to the hole left 
in the outer p shell of the iodine ion by a partial 
admixture of excited states. This admixture of 
excited states is due primarily to the overlap of 
The lack of 


otherwise complete 


the ion with its neighbors. one 


pAm, = 0) electron 
shell gives rise to a field gradient which has 


in an 


cylindrical symmetry about the z axis and a 
magnitude given by eg = (4/5)e<1/r?>, where ¢1/r? 
is the expectation value of 1/r® for the orbital. 'To 
obtain a dynamic quadrupole interaction, we 
make, following YosIDA Mortya, these 
assumptions: (a) The effect of each neighbor ion is 
to cause a depletion, in amount A, of the p orbital 
which overlaps most strongly with that neighbor; 
(b) A is a function of the internuclear separation 
given by the following equation: 


Ro—R 


d ) 


where R is the internuclear separation, Ro the 
undistorted lattice internuclear separation, and d 
is the distance in the Born—Mayer relation for 


and 


A= Xo exp| 
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the repulsive energy, taken in this case to be 
0-345 A; (c) the effects of the various neighbors 
are additive. On the basis of these assumptions, 
one obtains for the dynamic field gradient 

3 eApRo / | x 

— = / - —— >. 


/ 


1 = Si TS — 
d \ 73 / 
[The derivation of this expression is straight- 
forward for the case of a longitudinal wave moving 
along a crystal axis in a face-centered cubic 
lattice. Each pair of nearest neighbors may then 
be associated with a pair of p orbitals; only the 
internuclear distances of one pair of nearest 
neighbors is affected by the acoustic wave, and 
the relative orientations of the nearest neighbors 
with respect to the ion remain the same. This 
expression cannot be applied in a strict manner 
to CsI, which has a body-centered cubic structure, 
or to Nal, in which the next-nearest neighbor 
overlaps are important. In view of the simplicity 
of the model, however, and our lack of knowledge 
of the effect of changes in relative orientation (as 
well as internuclear separation) on A, we apply 
the above expression to these two cases as well.] 

The chemical shift is due to the second order 
paramagnetism of the electrons surrounding the 
iodine nucleus. The chemical shift caused by the 
removal of A electrons per neighbor from the 
outer p shell of the halogen ion has been com- 
puted by Yosipa and Moriya to be: 


8 pr / 1 
ZA i a 


3 AE \#, 


(4) 


where z is the number of nearest neighbors, jg is 
the Bohr magneton, and AEF is the energy of 
excitation to the nearest electronic state. AE was 
taken to be the energy corresponding to the 
fundamental absorption band. 

Values of zA, the total excited state admixture, 
obtained from the dynamic quadrupole interaction 
and from the chemical shift are given in Table 3. 
Also shown are some of the quantities used in 
obtaining these values of 2A. 

These results indicate that the quadrupole 
coupling and the chemical shift of the iodine 
nucleus in alkali-iodide crystals can be explained 
on the basis of an admixture of excited states to 
the ionic configuration. As already mentioned, the 
detailed structure of the un- 
important since both the quadrupole interaction 
and the chemical shift of the halogen nucleus are 
primarily due to the hole left in the outer Pp orbital. 
Conversely, however, the results of this experi- 
information about the 


excited states is 


ment cannot give 
details of these excited states, but only about the 
total amount of the admixture. The quadrupole 
couplings of the alkali nuclei would be more 
informative in that respect; unfortunately, they 
were not measurable by the techniques used in this 


any 


experiment. 
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Abstract—Field desorption has been used successfully to produce clean germanium patterns in the 
electron field emission microscope. The field-cleaned pattern transforms upon annealing to one very 
similar to that obtained from silicon cleaned by heating in vacuum. Changes in impurity concentration 
at the surface during cleaning, heretofore a problem, are avoided by the desorption technique. 
Surface atom mobility becomes appreciable at ~ 250°C on clean germanium and at ~ 800°C on clean 
silicon. Field emission current-voltage characteristics for both clean Ge and Si are presented. The 
results are discussed in the light of existing theory, and the need for a theory including emission 
from surface states and the valence band is pointed out. 


I. INTRODUCTION 
ATTEMPTS to use the Miiller electron field emission 
microscope to study clean surfaces of germanium 
and silicon have been made by several workers 
since 1952.) 

D’Asaro®) in 1957 obtained the first successful 
field emission patterns from a semiconductor with 
silicon emitters. Later work has confirmed the 
general features of his silicon patterns and the 
behavior of silicon tips during build-up under 
applied field at high temperatures. 

Further work with silicon by the present author 
showed that the tip could be cleaned by heating 
alone without an applied field. :4) The same work 
and a later paper) showed, however, that while 
heating silicon to 1550°K in high vacuum did 
produce an atomically clean surface in the usual 
sense, minute amounts of boron were transferred 
to the surface from the glass walls of the vacuum 
system. This boron diffused into the silicon during 
heating causing p-type surfaces regardless of the 
initial bulk doping. The amount of boron involved 
in this effect was sometimes than 
thousandth of one monolayer and was distributed 
over a depth of several microns beneath the surface. 
At such levels it should not affect the appearance 
of the field emission pattern, and that it does not 
is borne out by recent results. However, until 
controlled, this effect made a meaningful study of 


less one 


the current-voltage characteristics of silicon or 
germanium impossible. 

Recently at these laboratories field desorption 
has been used successfully in cleaning germanium 
for the first time. ‘This technique avoids any such 
impurity change at the surface, and hence makes 
possible well-controlled studies on emission 
characteristics. 

Work by Perry and Betrver®) has reproduced 
the silicon patterns found above®:4) using various 
cleaning techniques including ion bombardment, 
thus strengthening the evidence that these patterns 
represent atomically clean silicon. 

Other papers on field emission from semicon- 
ductors describe work with SiC, CdS 
CdSe, 9) WC, ZnS,41) Si and Te? 


Ge.%3,14) In no case in these papers, except for 


and 
and 


some of the work on tungsten carbide, did the 
authors obtain reproducible and symmetrical 
emission patterns in a projection microscope. ‘The 
condition of the surface was thus unknown. 

Several theoretical papers on semiconductor 
field emission characteristics have been pub- 
lished ,15-19) but, as discussed below, the theory 
must be extended before direct comparison with 
data is possible. 

The present paper presents the techniques that 
have been used and the results obtained at these 
laboratories in studying field emission from silicon 
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and germanium. While some of the most in- 
teresting quantitative work remains yet to be 


learning how to achieve re- 


done, the first step 
producible patterns for both silicon and german- 


ium—is now accomplished. Useful information 


about cleaning, gas adsorption, field desorption 


and surface migration has already been obtained. 


H 


II. PRESENT TECHNIQUES 
Cutting samples 


Emitters are fashioned from a single crystal in the 
form of a hairpin with the sharpened tip at the apex 
out emitter blanks, the single 


see Fig. 1. In cutting 


crystal of silicon or germanium is first oriented by X-ray 

diffraction with any desired crystal axis along the emitter 
(100), (110) and (111) axes have all been used] 

with a known orientation in the plane perpendicular 

10 to 20 at a time—of the shape 


a is then sliced from a block cut with 


blanks 
l(a) 
the indicated profile 
about 0-015 in. diameter by rotating the sample against 


shown in Fig 


The square tip is turned down to 


a high speed diamond saw, Fig. 1(a)—b. 
The samples are then cleaned thoroughly of any re- 
maining wax o1 hold during 


machining by boiling in nitric or sulfuric acid and rinsing 


cement used to them 


in deionized water 


Etching tit 
The 0-015 in. diameter cylinder is sharpened to a fine 

electrolytic etching in afreshly-prepared 21: 4 mix- 

1 (a)-(c). The 


same procedure applies for both silicon and germanium. 


tip by 


ture of nitric and hydrofluoric acids, Fig 


The emitter tip, mounted in a lucite rod holder with a 
stainless steel screw contact to one leg, is held under the 
surface of the acid with 50 to 100 V a.« 
currents of from 1 to 50 mA result depending on the 
temperature 
»f the sample if not 
excessive, improves the etching action. A bright light is 


applied. Etching 


etching, the resistivity, and the 


Heating occurs during etching and, 


stage ol 


focused on the sample during etching to ensure an ade- 
quate supply of electron-hole pairs at the surface. The 
taper on the tip shank can be controlled by varying the 
fraction of time the tip is only partially below the sur- 
face. Noncircular cross sections of the tips can result 


from insufficient etching current allowing chemical 


etching to predominate, or from insufficient movement 
of the tip during immersion. 

The 
examination whenever necessary. Tip radii of 10-4 cm or 
attainable 


etching can be interrupted for microscopic 


less are needed for good results at easily 
voltages for either thermal or field desorption cleaning. 
If the shank is too long and uniform the temperature 
drop at the tip may be too great to permit thermal 
cleaning; on the other hand, too large a cone angle 
causes the tip to blunt too rapidly during either field 
desorption or thermal cleaning. Cone half angles of 


co 


Re) 


~7° are desirable. 
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When a tip is etched, it is rinsed in deionized water, 
blotted dry on filter paper and stored under cover 
until mounted in a tube—preferably within a few hours 
to minimize oxide growth. Treatments of the tip after 
etching to reduce the thickness of an oxide film such 
as by “killing’’ the etch with nitric acid may be desirable 
for easy cleaning of the tip later. Treatments to remove 
traces of metal impurities such as copper from the surface 


may also turn out to be important. 


Mounting in tube 

The emitter is held in molybdenum supports by 
molybdenum spring clamps screwed down onto the 
legs of the sample. [See Fig. 1(b).] This permits quick 
replacement of tips, and removal for optical or electron 
microscope observation. The grounding plate reduces 
spurious emission from the supporting structure. 

The structure is conventional 
Pyrex field using a 1/2in. diameter 
molybdenum ring about the tip connected 
electrically to a transparent tin oxide coating under the 


then mounted in a 
tube 


anode 


emission 


phospor screen. 

The tube is evacuated with a conventional two-stage 
mercury diffusion pump with a liquid nitrogen trap. 
After bakeout for 2-4 hr at 400°C a vacuum of 2 x 10719 
the Bayard—Alpert type ion 


mm Hg is indicated by 


gauge within 8 to 12 hr. 


Heating samples 

The hairpin form allows heating of the tip by passing 
current through the legs. The cross section at the apex 1s 
smaller than elsewhere and this, together with the heat 
sink provided by the metal supports, allows the apex to 
reach the melting point while the contact points at the 
ends of the legs are relatively cool. This minimizes the 
chance of contamination from the metal supports. 
Brief flashing with low duty cycle improves this situation 
further. 

Since the 
clamps and the sample may be high with the sample 
cold, (no special doping at the contacts is used), an auto- 


contact resistance between the spring 


matic high-voltage starting circuit is used. 


Temperature measurement 

Accurate temperature measurement of the sample is 
achieved with an optical pyrometer focussed on the 
apex of the tip through a viewing window in the tube. 
Using the appropriate emissivity corrections'°°) the 
true temperature can be read at the melting point to 
+ 15°C. The temperature at the end of the tip which is 
too fine to resolve is then found by calculating the drop 
along the tip with a rough formula given in Appendix 
I. Since this drop is small—from 20 to 50°C at the 
melting point, an approximate value still yields good 
accuracy in absolute temperature. Prolonged heating 
near the melting point evaporates enough silicon so that 
a shutter or a separation of several inches between sample 
and window is advisable. Temperatures below the optical 
pyrometer range, when of interest, were estimated by 
interpolation on the temperature vs. heating current 
plot. 








Fic. 1. (a) Details of cutting and etching tips. (b) Actual tips in 
mounting assembly, 
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Fic. 3. Comparison of (a) thermally cleaned silicon 
pattern and (b) thermally annealed germanium 
pattern. 
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Fic. 4. Build-up of a (110) oriented silicon tip at high temperature and high field. (a) The clean 

pattern after flashing to high temperature with no field applied; (b) The same tip after nearly 

complete build-up; (c) Completely built-up tip with six (110) regions and one (100) region 
visible; (d) Same tip after partial annealing 








(d) 


Fic 5. Field desorption cleaning of a germanium tip at room temperature. (a) Initial oxide covered 


surface after slight desorption. (b) Four-fold symmetry of substrate crystal emerging at center. (c) 
Oxide layer has receded after further desorption of whole surface. (d) Most of tip now exposed. 
Photos taken during cleaning. 





Fic. 6. The conversion of the germanium surface from the field cleaned pattern to the thermally 


annealed pattern. (a) Field cleaned pattern—photo taken during cleaning. (b) After heating three 
sec to ~ 200°C. (c) After heating five sec to ~ 280°C. (d) After heating five sec to 480°C. 
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Fic. 7. Migration of oxide layer on german.um surface at high temperature. (a) After heating to 
630°C. (b) After heating 30 sec at just below the melting point of 936°C. (c) After field desorption 
cleaning at room temperature of pattern 7(b). (d) After annealing again 15 sec at 400°C. 
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Fic. 8. Current-voltage characteristic for silicon field emission tip cleaned 
by heating. Photo inset shows pattern during run. 
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A.C. field desorption 

The 60 cycle a.c. field desorption method described 
by Cooper and MU.ier(!) is being used. This permits a 
continuous examination of the field electron emission 
pattern while field desorption is proceeding. Electrons 
are emitted each time the tip is negative with respect to 
the screen, field desorption occurs each time the tip is 
positive with respect to the screen, and the ratio of the 
positive to negative fields can be adjusted with the d.c. 
bias voltage. 

A protective resistance of about 10° ohms is used in 
series with the d.c. supply to avoid tip loss by excessive 
emission. The a.c. voltage is supplied from a 0-44 kV 
r.m.s. 20mA_ oil-insulated transformer. Spurious 
emission from the cathode structure to the Pyrex 
envelope has limited the maximum peak inverse voltage 
to about 50 kV thus far. 

This a.c. desorption technique could cause fatigue 
failure of some specimens at stresses well below those 
attainable with steady applied fields. Since the reverse 
applied stress (see equation (1) below) during electron 
emission is small compared to peak stress during de- 
sorption and since the cycling frequency is only 60/sec, 
fatigue theory for macroscopic specimens would predict 
only a small reduction in strength during normal de- 
sorption times of a few minutes. Specimens with no 
dislocations in the tip may be entirely free of fatigue 


effects. 


III. RESULTS ON THERMALLY CLEANED 
SILICON 
The findings on thermally cleaned silicon field 
emission tips, some of which have been published 
elsewhere, °:4) will be summarized here: 


Initial cleaning 

The surface of silicon after etching and rinsing, 
as first seen by field emission, is covered by a 
rough layer—presumably oxide—with randomly 
located protuding clusters loosely bound to the 
surface. (See Fig. 5(a) for the analogous Ge state.) 
There is no semblance of the underlying crystal 
symmetry. Little change occurs until the tip has 
been heated to 1200—-1400°K. After several minutes 
of heating at these temperatures the loosely bound 
clusters are gone and a set of randomly oriented 
crystallites, each having definitely symmetrical 
and recognizable field emission patterns, remains. 

Several apparently different species of crystallite 
pattern have been found repeatedly on silicon, but 
none has been positively identified as to chemical 


composition. Examples are shown in Fig. 2. (a) 
shows one variety, (b) shows another built-up 
form (high voltage and high temperature) while 
(c) and (d) show a pattern that can be analyzed as a 


tetragonal lattice. Some may be forms of SiOz. 
Others may be metal oxides or silicides, such as 
MoSigz which has a tetragonal form, since heating 
the oxidized molybdenum ring surrounding the 
tip covers the surface with quantities of the crystal- 
lites shown in Fig. 2(b). These crystallites become 
mobile on the surface at 1300-1400°K and can 
be pulled off the tip by applying a field with the 
tip hot. Some of the crystallites are very tenacious 
and remain on the silicon surface, if no field is 
applied, even after heating several minutes to 
within about 50° of the melting point (1688°K). 
The number and type of these crystallites left on 
the tip at high temperature apparently depend on 
tip preparation. In a few cases, it has been possible 
to rid the tip of all such material by heating for 
only a few minutes to 1550°K with no field applied. 
Prolonged heating at this temperature gradually 
dulls the tip, however, so that it is often necessary 
to use a desorbing field with the tip hot to speed up 
the process. 

The clean silicon pattern of Fig. 3(a) emerges as 
soon as the foreign material has left the surface. 
If cleaning is accomplished by heating without 
simultaneously applied field, this pattern is the 
first one sees of the clean silicon substrate. If a 
high desorbing field is used with the tip hot, the 
first sign of the clean substrate is a sudden eruption 
of silicon from the 


’ 


of one or several “microtips’ 
substrate, seen first by D’Asaro®) and discussed 
further below. 

It is significant that as long as the silicon surface 
is covered by the above crystallites, no build-up 
of the surface occurs even at high fields and high 
temperatures. Once the surface is clean, build-up 
of the silicon starts at temperatures as low as 900°K. 


Evidence for the atomically clean state for silicon 

The clean pattern for thermally annealed silicon 
of Fig. 3(a) is a very distinctive one. The doubly 
opposed trapezoidal dark regions about the (110) 
poles and the series of dark spots, largest on the 
(311) pole and running between the (100) to the 
(111) poles, are prominent features. This pattern, 
with only minor variations, always appears as the 
final one after a series of cleaning treatments 
ending in thermal annealing. 

The orientation and symmetry of the pattern 
have always coincided exactly with those of the 
substrate crystal, determined independently by 
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X-ray diffraction. This confirms that the surface 
being observed is in exact crystallographic registry 
with the substrate silicon. 

Beyond settling this point the appearance of 
the electron field emission pattern cannot positively 
identify the surface atoms involved nor their crystal 
and other than their 
Other evidence must be invoked to 


spacing arrangement, 
symmetry. 
prove (a) that there is no epitaxial layer of foreign 


and, (b) 


that there is no sizable fraction of foreign atoms 


atoms arranged on the silicon substrate 


replacing the silicon atoms 7m the crystal surface 
itself. The evidence for both (a) and (b) has been 
presented in Ref. (4), and no new evidence has 
hat the pattern of Fig. 3(a) 


appeared to sugg 
does not represent clean silicon. 

It should be pointed out here that in order to 
see effects of an impurity in the surface by the 
electron field emission pattern, there must be either 

1 the surface layer initially or within diffusion 
distance of the surface enough impurity to con- 
stitute at least a few per cent of a monolayer. 
The detectable limit depends on the mismatch in 
work function tween impurity and substrate. 
Yet, as little as one one-thousandth of a monolayer 
ol boron, diffused into a silicon surface for a depth 
to half maximum of a few microns, can radically 
alter the conductivity of the surface.©) Thus the 
appearance of the electron field emission pattern is 


f impurities 


not nearly as sensitive an indicator of 


as is required in many semiconductor surface 


studies. 


Contamination and recleaning of a clean silicon tip 

While initial cleaning of the silicon tip is difficult, 
once clean, it can be returned to the clean condition 
by simple flashing for a few seconds to 1500°K 
after contamination by all gases yet tried. Even 
after exposure to room air for an hour, the pattern 
after re-evacuation still has the symmetry of the 
clean substrate though obviously heavily covered 
with gas (probably two or three monolayers). 
Flashing to 1550°K for 20-30 sec restores the clean 
condition. 

Details and temperatures for cleaning after 


oxygen exposure have been given elsewhere.) 


Build-up of silicon tips at high temperature and 
high fields 
As mentioned above, if a silicon tip is heated to 


900°K or more with field emission fields applied 
a build-up of certain regions and an enlargement 
of the flats on certain planes of the tip result. A 
given build-up that took ~ 60 sec at 1000°K took 
only ~ 8 sec at 1100°K. 

Figure 4 shows three stages of this build-up for 
a (110) oriented tip whose thermally annealed 
clean pattern is given in Fig. 4(a). Fig. 4(b) shows 
the tip of 4(a) in a nearly completely built-up 
condition (the built-up views were taken of the 
tip as frozen in at room temperature). The (110) 
region build-up is apparent here as a double 
projection from the surface. The (100) region also 
builds up to a lesser degree in the form of a square. 
The (111) flats are very large here—about twice 
as large as the (311) flats. Fig. 4(c) shows the com- 
pletely built-up tip with six different (110) regions 
as hexagonal stars and one (100) square. Fig. 4(d) 
shows the tip of 4(c) after partial annealing. ‘The 
(110) regions which built up first, have relaxed 
completely while the (111) and (311) flats are still 
enlarged. 

Build-up with high fields at temperatures above 
1500°K occurs very rapidly—almost explosively 
and often many overlapping crystal patterns are 
seen at once. Apparently several “tiplets” or 
crystallites grow from the larger tip at once and 
project similar patterns on the screen. An electron 
microscope profile by Perry“) shows such a tiplet. 
The overlapping is explained by the fact that the 
electron trajectories fail to follow field lines where 
these are sharply curved near the tips. Each pattern 
is correctly oriented so that all crystallites must be 
part of the substrate crystal. The tiplets invariably 
sink back into the parent tip upon annealing 


without applied field. 


IV. RESULTS WITH FIELD DESORPTION 
CLEANED SILICON 

As yet this phase of the work is preliminary. 
One silicon tip was cleaned by a combination of 
room temperature field desorption and only inter- 
mediate heating (1300°K). This established that 
silicon can be cleaned without heating to tempera- 
tures where p layers form due to boron in-diffusion. 
The pattern resulting after annealing was the same 
as Fig. 3(a). While complete field desorption of 
this annealed pattern could not be carried out 
because of voltage limitations, it was established 
that the desorption had definitely begun to smooth 
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the brightly emitting ridges, giving a lower con- 
trast pattern. 

Several attempts at cleaning silicon entirely by 
field desorption have failed with loss of the tip. 
It has been possible on several occasions to field 
desorb built-up portions of silicon tips, and in each 
case, the ratio of (negative field required for notice- 
able field desorption activity)/(positive field re- 
quired to emit about 10-7 amps of electron current) 
was between 4:5 and 5-0. 


V. RESULTS WITH FIELD DESORPTION 
CLEANED GERMANIUM 

All attempts to clean germanium field emission 
tips by heating in vacuum have thus far, to the 
author’s knowledge, failed. Presumably impurities 
or oxides normally left on the surface cannot be 
evaporated at the relatively low melting tem- 
perature of 1209°K. 

Recently, however, field desorption cleaning of 
germanium tips at room temperature has been 
successfully carried out. Fig. 5 illustrates a typical 
sequence of steps during field cleaning of a ger- 
manium tip. The stripping action of the high 
field in removing the initial oxide layer and ex- 
posing the single crystal germanium substrate is 
clearly shown. Stripping occurs at the (100) 
oriented apex first where the field is the highest. 
After only a few minutes of stripping the four-fold 
symmetrical pattern of the germanium appears at 
the center and thereafter remains unchanged in 
appearance while stripping of the germanium 
continues. The boundary of the oxide coating 
moves out from the center as the stripping field 
is raised and the whole tip becomes more rounded. 
In some cases it has been possible to move this 
boundary back far enough from the center so 
that it is no longer seen in electron emission 
patterns. 

During the stripping operation there is con- 
siderable local activity on the surface—a continual 
fluctuation of the grainy appearance. If the pattern 
is photographed without field applied the frozen-in 
grainy appearance is as shown in Fig. 7(c). If the 
ten-second exposure is taken during field cleaning 
the local fluctuations average out and the smooth 
pattern of Fig. 5(d) results. The field-cleaned 
germanium pattern of Figs. 5(d), 6(a), and 7(c), 
excluding the obvious oxide layer remaining 
around the periphery, is reproducible and is 


believed to represent an atomically clean surface. 
As discussed later, the very low contrast in this 
field emission pattern is just what is expected for 
the well rounded tip of a semiconductor having 
small variation in work function with crystal 
direction, 

It has not yet been possible, from observing the 
stripping process, to determine whether atoms 
removed leave the surface directly from their local 
sites or whether they migrate over the tip surface 
to the apex and leave from there. The bright region 
at the center of the field-cleaned pattern suggests 
the latter. 

The ratio mentioned above for silicon (the field 
required for noticeable field desorption)/(field re- 
quired for electron emission of ~ 10-7 A) has been 
measured for both the annealed and field-cleaned 
germanium surface, and the value always falls 
between 4-0 and 4-5, (at room temperature). 


Annealing of field desorbed germanium surfaces 

If the germanium tip is now heated slightly 
(always in a vacuum of ~2x10-1®mm Hg) a 
drastic change in the pattern occurs as shown in 
Fig. 6. Fig. 6(a) shows the field-cleaned pattern. 
Figs. 6(b), (c) and (d) show the successive stages of 
change due to annealing for brief times at success- 
ively higher temperatures. It is seen that the 
principal change is completed after five seconds at 
~650°K (380°C). 

The annealed germanium pattern is closely 
analogous to thermally cleaned and annealed 
silicon, Fig. 3(a). Figs. 3(a) and (b) show this 
comparison. There are definite differences, how- 
ever. There are also some changes that take place 
upon prolonged heating of the germanium near the 
melting point. The (110) regions of germanium 
[see Fig. 7(d)] come to resemble more and more 
closely the opposed trapezoids of the annealed 
silicon pattern. Structure around the (100) axis 
becomes very pronounced and does not resemble 
the silicon pattern at all. 

One consequence of heating the germanium tip 
close to the melting point for several minutes is to 
cause the oxide sheath on the shank of the tip to 
migrate inwards toward the center, as shown in 
Figs. 7(a) (b). It is shown in Fig. 7(c) that a second 
field desorption cleaning at room temperature 
strips this sheath back from the apex again so that 
after a second annealing, Fig. 7(d), it is further 
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back than initially. The fact that this oxide sheath 
does not change drastically and migrates only 
about 10 per cent of the tip radius of ~5 x 10-5 cm 
in several minutes at near the melting point 
illustrates the difficulty in cleaning germanium by 
heating alone. It also shows that the oxide layer 
itself cannot move inward over the field-cleaned 
pattern during a few seconds of annealing to 
~ 280°C. 

While there is good reason to believe that the 
germanium pattern of Fig. 5(d) is 
clean (except the 
the edge) the same cannot yet be 


field desorbed 
atomically for contaminant 
sheath around 
said for the thermally annealed germanium pattern 
in Fig. 6(d). There is a possibility that the tip is 
coated during annealing by some contaminant. 
However, on five successive cyclings from the 
field desorbed to the annealed pattern, the latter 
was fairly reproducible. Also, during the annealing 
[Fig. 6(b)] there is no sign of a contaminant 
migrating over the tip surface; instead, the con- 
version to the annealed pattern seems to start all 
over the surface at once. 

MetMeD and GomMER®?) in 1959, photographed 
several emission patterns obtained with german- 
ium whiskers grown by vacuum evaporation onto a 


Table 1. Properties of silicon and germanium of interest in field emission, with tungsten for comparison 
} 5 J fad 


Property Silicon 
I 


Melting point 1688°K (23) 

Temperature for appreciable sur- 
face migration 

Surface migration energy 

Evaporation rate at m.p., atomic 300-5000 (26) 
lay ers/sec 

Temperature for cleaning in 1550°K (4) 
vacuum 

Heat of vaporization 

First ionization potential I 2eV 


1000°K (This work) 


~ 2 eV (This work) 


6 eV at 1550°K (26) 


ALLEN 


tungsten substrate. While the patterns were dis- 
torted due to imperfect geometry, they were un- 
questionably very similar to the thermally annealed 
germanium patterns found in this work, such as 
Fig. 6(d). 


Build-up of germanium surfaces with field and 
temperature 
Build-up of the annealed germanium surface 
fields temperatures of 
roughly the same temperature at 


under high starts at 
~ 400° K 
which annealing of the surface from the field- 
cleaned condition begins. Build-up of the (100) 
oriented tip shown in Fig. 7(d) developed the 
bright regions already prominent around the (311) 
planes while the (311) and (111) flats enlarged. 
(See Fig. 3(a) for orientation.) The pattern could 
be returned again to the original annealed con- 


1.€. 


dition by heating a few seconds at ~700°K. 

As in the case of silicon, as long as the ger- 
manium tip is covered by the oxide sheath found 
in the initial stages of cleaning, no build-up of the 
surface occurs even during prolonged exposure to 
high fields at just below the melting point. 

Some of the properties of germanium and silicon 
surfaces of interest and the results of the present 


Germanium Tungsten 


3640°K 
1500°K (25) 


1209°K (24) 
450°K (This work) 
eV build-up 


eV anneal (25) 
~ 1000-10,000 (27) 


~ 1 eV (estimated 
from this work) 
0-1-1-0 (27) 


2.4 
3°1 


- Melting point 2200°K (28) 
probably 

3-9 eV at 1150°K (26) 

79 eV 

4-7-4+8 eV (30,31) 


‘78 eV (29) 
OeV 
5-5-0 eV (32) 


4 eV (111) (3,30) 


4. 
s° 

Zero field work function ¢ 4-91 eV (100) 
4: 

Max. yield stress measured > 


12-5 (35) 

1-09 eV (36) 

1-2 x 108 V/cm 
(This work) 


Dielectric constant 
Forbidden band width 
Desorption field 


Lattice spacing 
lattice 


/ 
x 101° dynes/cm? 
( 


22 
33) 


5-66 A (35) Diamond 


3 x 102° dynes/cm? 
(34) 

16-1 (35) 

0-66 eV (37) 

1-2 x 108 V/cm 
(This work) 

5-43 A (35) Diamond 
lattice 


6 X 108 V/cm (29) 


3-16 A b.c.c. lattice 
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work are included in Table 1. Comparison with 


tungsten is shown. 


VI. CURRENT-VOLTAGE CHARACTERISTICS 

There are theoretical expectations™16 that 
under certain conditions for a semiconductor the 
plot of log I vs. 1/V, where J is emission current 
and V is anode voltage, should depart from the 
straight line relationship that holds for metals. 
We have measured this characteristic for silicon 
and recently for germanium. In no case where it 
was clear that the surfaces were clean, the vacuum 
good and the data reproducible, were significant 
departures from linearity found in this plot over 
the ranges studied, except at very low currents 
where spurious effects occurred. Data from a 
silicon emitter tip after high-field, high-tempera- 
ture cleaning are shown in Fig. 8, and data for a 
germanium tip first field cleaned and then therm- 
ally annealed at ~ 450°C are given in Figs. 9(a) 
and (b). The included photographs show the 
emission patterns during the runs. 

One of the parameters that may be important in 
determining the shape of the current-voltage 
characteristic is the impurity concentration at the 
surface. ‘The was originally 
150ohm-cm p-type and almost certainly had a 
strongly p-type surface (up to 10'% B atoms/cm?) 
due to boron in-duffusion during the heating used 
to clean it.) The field-cleaned germanium sample 
was originally about 10 ohm-cm n-type, and from 
results with a second identical sample, it can be 


silicon sample 


assumed to have remained essentially unchanged 
both in the bulk and at the surface during the 
bakeout at 380°C and the field desorption. 

It is thus seen that the plots for strongly 
p-type silicon and for n-type germanium are linear 
for at least three and one-half decades in current 
within a 20 per cent scatter in current values. 
The nonreproducibility of the data for silicon for 
rising vs. falling anode voltage is attributed to the 
relatively poor vacuum during the run (~2 x 1078 
mm Hg) and the corresponding tendency of the 
surface to contaminate and to be altered by sputter- 
ing at high emission densities. Other Si data have 


not shown this effect. The irregular scatter of 


points above the linear plot below 10-19 A is 
attributed to spurious leakage, since, at anode 
voltages of several kilovolts, leakage impedances 
must be well over 10!4ohms to avoid errors. 
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(KLEINT and FisHer“?) have recently published 
data for field emission from uncleaned silicon tips 
in which they find similar departures which they 
believe significant.) 

The fact that the data for the field-cleaned 
germanium surface (10a) coincide with those of 
the annealed surface (10b) is coincidental. Anneal- 
ing the surface after field cleaning causes the 
emission current (at values of ~ 10~? amperes) for 
the same anode voltage to rise by 10-20 per cent. 
It then falls again slightly below the original 
field-cleaned value when the surface is field de- 
sorbed again. Between Figs. 9(a) and (b), however, 
field desorption had further rounded the tip just 
cancelling out the enhancement of emission due to 


annealing. 


VII. TEMPERATURE DEPENDENCE OF 
EMISSION 
For silicon, the field emission current was found 
to be independent of tip temperature to within 
20 per cent from room temperature up to ~ 1200°K 
where build-up of the tip with applied field set in. 
This build-up was reduced by using 60 cycle a.c. 
applied fields, and higher temperatures can be 
reached using pulsed fields of short duty cycle. ®? 
Detailed temperature dependence of emission 
within this 20 per cent range, if any, has not yet 
been studied. 
The transition 
thermionic 
The purely thermionic emission 
field emission samples similar to those used here 


emission and 


field 


emission9) should be of 


between 
interest. 
from. silicon 
was reported previously™); it was too small to 
have been observed here. 


POSSIBILITY OF USING THE FIELD ION 
MICROSCOPE TO STUDY SILICON AND 
GERMANIUM SURFACES 

Both silicon and germanium atoms are found to 
desorb at fields of only four to five times the field 


required to give electron emission currents of 
~ 10-7 A. MULLER™®) has pointed out that to get 
satisfactory ionization and imaging with hydrogen 
and helium in the ion microscope, fields of re- 
spectively ~5 and ~10 times those required for 


typical field electron emission currents from tung- 
sten are needed. Since it is probable that the fields 
required to give the same emission from tungsten 
and from Ge and Si do not differ by more than 
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20 per cent (see below) one would predict from the 
above that both Si and Ge would be desorbing very 
rapidly during observations in the field ion micro- 


scope using helium, and slowly using hydrogen. 
Mi ter») used silicon tips in the field ion micro- 
scope with hydrogen in 1957 and observed that 
though a pattern was easily visible, desorption was 
too rapid to permit photographing the results. 

If field ion microscopy can be carried out with 
lower fields several interesting questions about the 
detailed structure on the surfaces may be answered: 
for example, whether or not surface atoms are dis- 
placed on some faces to satisfy dangling bonds. 


IX. DISCUSSION 
Appearance of thermally annealed patterns 

The contrast between light and dark regions in 
the thermally annealed silicon and germanium 
patterns is considerably sharper than is normal for 
clean metals such as tungsten. Since emission 
current density depends exponentially on both 
local work function ¢ and local field strength, F, 
this contrast could be due to rapid variations over 
the either ¢ or in local curvature 
(which determines the local field F). 

A pattern of such sharp contrast is reminiscent 
of patterns from metal tips with layers present of 
low work function contaminants. However, as set 
forth above, there are good reasons for believing 


surface in 


that no contaminant layer is involved here. 
that the local work 
function of silicon and germanium faces varies less 


There is also evidence 
rapidly with crystallographic direction than is the 
case for tungsten. Results for germanium surfaces 
cleaned by ion bombardment?) gave daoo)— $11) 
= 0-060 eV; da10)—¢a11) = 0-015 eV. Those for 
silicon®.43) gave ¢aoo—¢a11) = 0°17 eV; dai0)— 
$ai1) = 0-12 eV. Results of 
tungsten single crystals either by thermionic®?) 


measurements on 


or field emission 44) methods have given differences 
from 10 to 100 times larger than the above, for 
example, ¢a10)—¢a11) = 0-9-1-4 eV. If this com- 
parison can be extended to other faces, one would 
expect that as far as work function variation is 
concerned, the field emission patterns from Si or 
Ge would have lower contrast than that from W. 
The high contrast of the silicon and germanium 
annealed patterns is therefore ascribed to rapid 
variations in local curvature of the surface. 
Evidence in support of this may be seen in the 
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presence of dark spots at the (311), the (111) and 
(110) poles as well as others. These low index 
planes can be expected to have low surface free 
energy and thus to form flats, leaving ridges be- 
tween them. These dark spots enlarge during 
build-up at high temperatures while the regions 
between them shrink and emit more brightly. It is 
noteworthy that the large flats on the (311) poles 
indicate this to be a very stable plane on both Si 
and Ge. Finally, it seems reasonable to expect a 
stronger variation in surface free energy with 
crystal direction for covalent-bonded Si and Ge 
than for metals like tungsten. It will be of interest 
to look for a variation with temperature in the 
difference in surface energy between different faces 
as discussed by HERRING“®) and manifested by a 
variation in flat size with temperature. 46) 

Two further effects pertinent to the contrast in a 
field emission pattern from a semiconductor are 
discussed in Appendix II. 


Appearance of field desorbed patterns 

The field desorbed pattern for germanium 
(Fig. 6a) is markedly different from the annealed 
germanium and silicon patterns. It has the same 
symmetry and orientation—as it should—but the 
contrast between bright and dark regions is far 
lower and there is, if anything, a negative correla- 
tion between bright regions in the field-desorbed 
pattern and bright regions on the annealed pattern. 
There is a striking absence of round dark spots at 
low index crystal directions. 

Since in field desorption a surface atom is 
desorbed as soon as the local field strength is 
sufficient to break its bonds to the surface, all 
sharp projections enhancing the field will be de- 
sorbed first leaving a smoothly rounded form. 
However, MULLER®®) and Gomer”) have pointed 
out that the energy barrier for desorption may de- 
pend linearly on the difference between several 
other energy terms“8) and the work function, 
which varies over the surface. Hence, while the 
field desorbed tip can be expected to be free of 
abrupt local roughnesses, such as ridges or flats, its 
local curvature may vary smoothly over the surface 
to some extent depending on the variations in 
local work function. If work function variations 
for Si and Ge are as small as indicated by the work 
mentioned above, the field desorbed tip may be 
nearly perfectly rounded, 
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The appearance of the field desorbed and an- 
nealed germanium and silicon patterns is consistent 
with the hypothesis that the tips in the former case 
are smoothly rounded, while those in the latter 
have developed local ridges and flats to minimize 
surface free energy. The increase in emission for a 
given field after annealing is also consistent with 
this interpretation. 


Field desorption of silicon and germanium 
The tensile stress on the surface of a conductor 
due to an external electric field EF is 


(1) 


An upper limit to the fields required for field de- 
sorption can be found from the fact that, since edge 
and corner atoms on the surface desorb before 
failure occurs in the bulk, Tin (1) will be less than 
the yield stress of the ideal crystal. Measurements 
on fine whiskers have given maximum yield stresses 
of 5x 1019 dynes/cm? for silicon’®) and 3 x 101° 
dynes/cm? for germanium.“4) ‘These values are 
believed to be close to the theoretical yield strength 
of the crystals at room temperature.9) Values of 
E from (1) corresponding to these stresses are 
~ 3-5 x 108 V/cm and 2-6 x 108 V/cm respectively. 
Desorption fields may thus be expected to be lowe1 
than this. 

While direct measurements of the field strengths 
have not yet been made, a rough estimate can be 
had from the value of 4 to 5 mentioned above for 
the ratio (field desorption fields)/(field emission 
fields). If we assume the field emission fields to be 

required—2 to 4x10? 
volts/em®®)—for metals of comparable work 
function to Si and Ge (~4-8eV with no field 
applied and perhaps lower than this by half the 
energy gap of ~1eV during field emission), we 
estimate the desorption fields for silicon and ger- 
manium to be 1 to 2x 108 V/cm. 

A more detailed analysis of the desorption to 
determine whether the Si and Ge atoms are initially 
desorbed as neutral atoms or ions?) awaits further 
work. Since the effective work function of the 
semiconductor under the large desorption field (tip 
positive) can be expected to be only slightly larger 
than the clean field free value of ~4:8 eV, while 
the first ionization potential for both Si and Ge is 
close to 8 V (see Table 1), the term /—¢ in 


comparable to those 


Gomer’s formulation should be about 3-0 V— 
not very different than for tungsten. The heat of 
evaporation has been reported by Honic®®) to be 
4-6 eV for silicon at 1550°K and 3-9 eV for ger- 
manium at 1150°K. These are significantly lower 
than the value of 8-78 eV cited by MULLER? for 
tungsten, and may explain the relative ease with 
which these semiconductors field desorb. 


Surface migration energies 

The process of surface build-up under applied 
field, subsequent relaxation during annealing and 
transformation from the field-desorbed surface to 
the annealed surface can all be assumed to occur 
by surface migration.@5:51) Assume a jumping 
frequency on the surface of 


v = vo exp(- O kT) (2) 


where vo is a natural atomic vibration frequency 
and Q is the activation energy for migration. (Q 
may be expected to vary slightly depending on 
which transformation is involved. °°’) ‘Then we can 
estimate Q from the relative time required to 
accomplish a given transformation of the surface 
at two different temperatures. 

While available data are still scanty, from the 
build-up and annealing rates mentioned above we 
estimate QO to be ~2 eV for Si and ~1 eV for Ge. 
For comparison, the surface migration energy of 
W on W has been determined by several workers 
to be 2:5-3-1 eV, 2°) 

The only other experimental evidence bearing 
on the surface migration temperature of silicon 
and germanium comes from studies of epitaxial 
film formation during evaporation or deposition 
from a vapor phase. It is to be expected that an 
epitaxial film can grow only at temperatures where 
appreciable surface mobility of the deposited atoms 
occurs. Epitaxial films can be grown on germanium 
at temperatures above 350°C?) and on silicon at 
temperatures above 1100°C ®) These temperatures 
are in with find 
necessary for rapid surface migration in each 


agreement temperatures we 
case. 

It should be pointed out that the type of surface 
transport being considered here involves removing 
atoms from the edge of a step. Migration of an 
atom already isolated on an atomically smooth 
plane must involve much lower energies and hence 
occur at correspondingly lower temperatures. 
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Theory for field emission from silicon and germanium 

Theory".16) indicates that field emission from a 
semiconductor may differ from that of a metal in 
several respects: 

(i) Due to the scarcity of charge available at the 
surface, the field may penetrate the semiconductor 
and (work 
changes) at the surface comparable to the band 
of 0-66 and 1-1 eV for Ge and Si, re- 


cause potential changes function 
gap, 1.e. 
spectively. The amount of this change, its tem- 
perature dependence, and the fields at which it sets 
in depend strongly on a still unknown factor 
the density and distribution in energy of electronic 
surface states on the clean surface. 

(ii) The supply of electrons incident on the sur- 
face for tunnelling through the barrier, its tem- 
perature dependence and its distribution in energy 
may be quite different from that of a metal. In- 
stead of originating in a conduction band filled 
to a depth of several volts beneath the Fermi level 
as in a metal, tunnelling electrons may come from 
the valence band, from surface states, or from a 
conduction band whose lower edge lies only 
~0-1eV 


(iii) The image force seen by the electron outside 


below the Fermi level. 


the surface is reduced from that outside a metal 
by the factor #5) where K—1/K+1 < « 1 in 
which K is the dielectric constant, and the value 
of « within this range is determined by the free 
charge available at the surface. Since K is about 
12 and 16 for Si and Ge respectively, this factor 
is negligibly different from the metallic case in 
our work. 

(iv) An appreciable i.r. drop may develop within 
the tip at high emission densities affecting emission 
through (i) and (ii) above as well as by alteration of 
field strengths just outside the tip."*) For Si and 
Ge of resistivities less than 50 ohm-cm and at total 
emission currents of 10-6 A or less, effects of this 
sort should be negligible, and indeed no departures 
from linearity in the characteristic at high currents 


have been seen as yet in our work. 


Field penetration 


The penetration of the field into the surface for 


silicon and germanium has been treated in some 
detail) and the results need only be summarized 
here. If we assume no surface states, the solution 


of Poisson’s equation at the surface shows that for 
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samples of either Ge or Si of all normal dopings, 
i.e. with donor or acceptor densities of up to 
~ 3 x 1018/cm?, the bottom of the conduction band 
is pulled below the Fermi level at the surface for 
external positive fields (tip negative) of > 1x 10? 
V/cm (while the top of the valence band is pulled 
above the Fermi level for negative fields of 
> 1x10’ V/cm). For lower dopings degeneracy 
occurs at only slightly lower fields. Once the 
valence or conduction band edge crosses the Fermi 
level at the surface the available state density is so 
high that any further realizable field can be neutral- 
ized by a further potential shift of only a few kT 
at room temperature. 

For acceptor 3 x 1018/cm3, 
however, the surface will sustain positive fields of 


dopings above 


10’ V/cm without becoming degenerately n-type. 
The relation for the potential shift at the surface 
(A's) is then given by the Schottky exhaustion 
layer theory for the nondegenerate case as 
E? 
8r7KeN 


AN"; 


where N’ = |Np- 
centration (all impurities can be assumed ionized 


N«| is the net impurity con- 


for Ge and Si at room temperature or above) and e 
is the electronic charge. 

Since fields of > 10’ V/cm are probably neces- 
sary for appreciable field emission, we conclude 
that if no surface states are involv ed, all normally 
doped n- or p-type silicon or germanium samples 
will be degenerately n-type at the surface during 
field emission, while p-type samples of very high 
dopings should sustain at least the lower range of 
field emission fields without becoming degenerate. 

The presence of available surface states®) in 
general makes surface potential less sensitive to 
external fields. Thus, for a uniform density of 
states Ns near the Fermi level, assuming that 
surface state charge dominates and that all states 
below the Fermi level are full, all above empty, 
the surface potential displacement (A's) due to an 


external field F is given by 
(4) 


If AY’, is to remain less than 0:1 eV when EF = 107 
V/cm, Ns; from (4) must be 5 x 101% states 


(cm% eV). There is some evidence in_ the 
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literature °9,55,56) that surface state densities near 
the Fermi level may be this high. If so, Si and Ge 
surfaces may remain nondegenerate throughout 
at least the lower range of field emission fields. 
The effect of changes in surface potential 
caused by field penetration will be to alter the 
electron supply function available for tunnelling 
by bringing different electronic energy states close 
to the Fermi level, but more important, it will 
directly affect the height of the barrier above the 
Fermi level, i.e. the work function for field 
emission. 
Electron and emission prob- 
ability 
For the case in which the surface is degenerately 


supply 


function 


n-type for the entire field emission range (low 


acceptor concentration and surface states unim- 
portant) emission will certainly occur from the 
conduction band. The field penetration, the supply 
function and the emission probabilities have been 
treated for this case by STRATTON in equation 
(30), and can be applied directly to Ge and Si. 
Except for additional exponential terms varying 
slowly with field, the results are essentially th 
same as for a metal giving a linear characteristic 
of log Jvs.1/V, and the same temperature in- 
dependence. 

For all other cases Stratton’s treatment will 
require modification before application to Si or 
Ge because it treats only the case of largely un- 
ionized donors in the bulk, assumes only one of 
many possible surface state distributions and 
neglects the possibility of emission from surface 
states or from the valence band. Both the tempera- 
ture and field dependence of his results may be 
expected to be changed by such modifications. 
However, the general behaviour predicted of a 
sudden change in J followed by a linear region in 
the log J vs. 1/V plot as the field increases through 
the transition from surface shielding to field 
penetration and n-type degeneracy, should still 
be valid for Si and Ge. This effect will only be seen, 
of course, in the case that the surface states are such 
as to cause this transition to fall in the rather 
narrow range of fields observable, say 2x 107 
<E<4x 10? V/cm. As we have seen above, in the 
special case that the surface state density near the 
Fermi level is well below 10!%/(cm? eV) and the 
sample is doped to > 3 x 1018 acceptors/cm®, this 
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transition would be expected to fall within this 
range, so that nonlinearities in the characteristic 
should be found. 


Comparison of theory with results 

The present results thus far are limited to show- 
ing that (1) log J vs. 1/V is linear within 20 per 
cent over the observable range of about four 
orders of magnitude in J for several samples of 
both silicon and germanium, and (2) the emission 
from silicon is temperature insensitive to within 
20 per cent up to ~1200°K. Unfortunately, this 
permits little to be decided about the various 
possible situations suggested by the theory. The 
results are consistent with either of two inter- 
pretations. First, that the surface is degenerately 
n-type throughout the observable range of fields. 
If this is the case, nonlinearity would exist as a 
decrease in emission from the straight line relation 
as the applied field decreased below the observable 
range; this effect could perhaps be brought into 
the observable range by very high p-type doping. 


Second, the results are also consistent with a 
vhich surface state densities well in 
excess of 5x 1(18 (cm? eV) hold the 


potential clamped and insensitive to either field 


situation in 
surface 


or temperature over the above ranges. 

It should be pointed out here that some of the 
data of Perry“) taken under good experimental 
show 


conditions from clean silicon emitters, 
significant departures from linearity in the log 
Ivs.1/V plot. Apparently further work is again 
needed. 
Absolute field 


assist in selecting between cases, since effective 


strength determinations will 
work functions during field emission can then be 
computed for different assumed surface state 
distributions. In the first case above, the work 
function of both silicon and germanium may be 
expected to be reduced below the zero-field value 
by some sizeable fraction of the energy gap, 1.e. 
reduced from ~ 4-8 eV to ~4:-0 eV. In the second 
case the work function should remain close to the 
zero field value of ~4-8 eV 

If emission from surface states is involved, the 
filling time of such states may become comparable 
with the emission time at high emission density. 
This would lead to a transient change in emission 
after the initial application of the field with a time 
constant of the filling time of the fast surface 
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states, due to a change in field penetration. Pulsed 
emission would differ from d.c. emission. 
Measurements of distribution in energy of the 
emitted electrons will be of great interest if they 
can be carried out with sufficient accuracy. In the 
first case above, this distribution should extend 
from the Fermi level down to a depth of only 
about 0-1 eV, while in the second, a composite 
distribution of electrons from both surface states 


and or valence band states may result. 
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APPENDIX I 


Te mperature drop along tip 

It is easily shown that for a truly conical tip heated 
by conduction from the base, the temperature drop due 
to radiation cooling will be linear along the tip as long 
as the drop is small relative to the absolute temperature. 
The amount of this drop at a distance z from the base is 


ea T" 
ka 


given by 


AT(z) > (AI-1) 


where T is the average temperature of the tip, € the total 


emissivity at temperature 7', k the thermal conductivity 


o the Stefan—Boltzmann constant, and « the cone 


at T, 
half angle in radians, assumed small. 

While « is not known for Si and Ge, it is probably 
between 0:2 and 0-4 (see Ref. 
emissivities for metals). Using values of k of respectively 
0-15 and 0:20 W/(cm deg C)®*.°®) for germanium and 
silicon, we find that the temperature drop at the end of 


20 and the analogous 


a typical 0-05 cm tip of cone half-angle « 5° would be 
~18°K for germanium at 1200°K and ~35°K for silicon 
at 1650°K. 


optical pyrometer on actual silicon tips during heating 


Measurements made with a pyro-micro- 


confirm the general correctness of the above values 


APPENDIX II 
Further effects relating to contrast in the field emission 
pattern from a semiconductor 
1. Surface state variation with crystal face. A question 
pertinent to the contrast in the field emission pattern 
from a semiconductor is that of a possible variation of 
surface state density and distribution on different 
crystal faces. Such a variation could result in a bending 
of the energy bands near the surface that varies with 
crystallographic direction. This would not only con- 
tribute to the zero field work function variation with 


crystal direction, but could also result in different, and 
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sometimes nonlinear, log J vs.1/V characteristics on 
different faces. 

2. The smoothing of work function transitions at the 
surface. 'The fact that an external field penetrates the 
semiconductor surface and causes bending of the bands 
implies that a work function transition must be smoothed 
over some region near the boundary. Roughly, one can 
say that for two adjacent regions whose work function 
difference is Ad this work function smoothing will extend 
out from the boundary a distance d such that the external 
field strength ~ Ad/2d is just sufficient to cause a bending 
of the bands comparable to Ad. For germanium or 
silicon with no surface states, fields of 10® V/cm bend 
the bands by about a tenth of a volt. Thus the boundary 
between two regions having Ad 0:2 V 
smoothing width of 2d determined by Ad¢/2d ~ 108, 
d ~ 10~‘ cm. This would be only 1 per cent of the tip 
diameter for a typical crystal. With a density of surface 
states of 101°/cm? in the gap or more this effect will be- 
come smaller still, and hence, will probably not be 


would have a 


noticed for silicon or germanium. It could, however, 


become important for semiconductors of high re- 


sistivity and low surface state densities. 
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Abstract—The model of dislocation in a lattice recently proposed by MARADUDIN is modified and 
applied to an estimate of the strain energy of a screw dislocation in crystals with the diamond 


structure, in particular Si and Ge. 


1. INTRODUCTION 
A mopeL of dislocation has been considered by 
MARADUDIN"), in which the discrete nature of an 
actual crystal is explicitly taken into account in 
the assumption of linear forces between nearest 
neighbors only. A complete solution for the dis- 
placements in an infinite crystal and hence the 
energy of a screw dislocation is obtained for two 


fino) 
[10 0} 


Fic. 1. 


to correspond to the actual behavior of a crystal. 
In fact (see Fig. 1, II) the relative displacement 
Aw, parallel to the dislocation line, of the two rows 
(0, 4), (0, —4) must be one half of the Burgers 
vector b by reasons of symmetry. Then the two 
rows are in a position of unstable equilibrium with 
respect to each other and the mutual force vanishes. 
In Ref. (1) this force is implicitly assumed to 


O 
~ (-1-5 


) 
suf 


Stable (I) and unstable (II) configuration of a screw dislocation in a 


rectangular lattice. The circles represent the intersections of atom rows with 


the plane of the figure. 


configurations (Fig. 1) which are thought to 
correspond to stable (1) and unstable (II) equili- 
The Ey;—E, between the 
energies per unit length of the two configurations 
is found to be exceedingly high (6-92 x 10’ eV/cm, 
when the parameters corresponding to the case 
of NaC] are introduced). 

The estimate of Ey; however may be shown not 


brium. difference 
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vanish in setting up the equations for the dis- 
placements, but it is taken to be Bb/2, as given by 
Hooke’s law with force constant B, for the purpose 
of calculating Ey;. According to this, in the ex- 
pression for Ey; the term Bb/4, which stems from 
the mutual displacement of the rows (0,3), (0, — 4), 
should be changed into V(b/2), where V(Aw) is the 
interaction potential between the two rows con- 
cerned. For small Aw, V can be considered elastic, 
but actually it is periodic with period b. It can 


roughly be approximated by (bB/47?)[1— cos 
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(2rAw/b)|. With the values 
dynejcm, b = 3-9456 A! quoted in Ref. (1) it is 
found that: 


Bb Bb 
6:92 x 10? eV/cm— — i <nten 


Eq; — Ey a8 
= 


0-40 x 10? eV/cm. 


Any refinement of the previous results in the 
case of the ionic crystals calls for taking into 
account the interaction between next nearest 
neighboring rows of ions as well as further de- 
partures from linearity in the core of the dis- 
location. Furthermore it has been found by 
HuntINcTON et al.) that the radial displacements 
are essential in determining the energy of con- 
figuration II, although they are probably negligible 
in configuration I. In both configurations the cal- 
culation in Ref. (1) gives an upper bound for the 
energy of the dislocation which is probably not 
very close to the actual value of the energy in the 
crystal and one would expect this to be true 
a fortiori of the difference Ey1— Fy. 


2. SCREW DISLOCATION IN THE 
DIAMOND STRUCTURE 

The model of Maradudin is likely to be better 
suited to discuss dislocations in crystals with the 
diamond structure. As a matter of fact in that case, 
if only nearest neighbors interactions are consid- 
ered, only two microscopic constants need to be 
introduced and then the three macroscopic elastic 
constants turn out to be connected by a relation 
due to BorNn®), which is well substantiated for 
Ge) and to a lesser extent for Si and Group 
II1I—Group V compounds. Moreover the Peierls 
energy seems to be much higher than in NaCl and 
of the same order of magnitude obtained above for 
Eqy,1—F1. 

The most probable configuration for the screw 
dislocation in the diamond lattice®) is indicated 
in Fig. 2. Only displacements in the [110] direction, 
normal to the plane of the drawing, are allowed. 

Let « denote the force constant associated with 
the radial part of the nearest neighbors interaction 
and pf the force constant associated with the 
angular part. Then the force constant per atom 
plane for the A bond of Fig. 2 is A = (2/3) 
(2x+ 8), whereas the force constant for the B 
bond (see Fig. 2) is simply B = f. 


B = 13:28 x 108 


The constants A and B are related to the elastic 
constants by the formulae: 


2 AB B 
C4 = - cu—cig = 2— (1) 


Xx a Ere 
a A+2B a 


which are in agreement with the Born theory when 
A is expressed in terms of « and 8. 


[001] 


Fic. 2. Section of the cubic cell of the diamond lattice 

with a (110) plane. Open circles CE denote atom rows with 

atoms in the plane of the figure, solid circles @ denote 

rows with atoms above and below that plane. A bonds 

connect @ with C), B bonds connect @ with @ and © 
with (). 


To derive equation (1) we note that the macroscopic 
elastic energy of the unit cubic cell of edge a (see Fig. 2) 
for a pure shear strain e in the [110] direction, is $c44e2a° 
for shear in the (001) plane and (1/4) (c11—c12)e2a for 
shear in the (110) plane. From the microscopic point of 
view the energy of the cell in the second case is eight 
times the energy of a B bond, i.e.84.B(eaV 2/4)2 whereas 
for shear in the (001) plane it turns out to be 
e°a*(2 AB? + BA?)/(A+2B)?. 

We now write down the equations determining 
the displacements wmni, Wmn2 of the two face 
centered cubic sublattices for the dislocation in 
configuration I (cf. Fig. 3). If the displacements 
are considered to be many-valued we have: 


A(wmn2 ‘ai Wmn1) + B(wmn- 2+ 


: Bie . 
Wim 1n2 — 2Wmn1) = 0 


71) 0) L Rie { 
A(u mn —& mn2) Bg B(wum +l)yn1 
Wm(n+1)1 —2wWmn2) = 0 
From these equations it is easy to obtain separate 
equations for the two sublattices. It is mathe- 


matically convenient to make a cut along the 
(111) plane, whose trace on the plane of Figs. 2 and 
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3 is [112], and assume that the displacements are form > 0 is, apart from an additive constant: 


single-valued and have a discontinuity 6 = a/./2 n/2 n/2 


ad 
dx | dy x 


through the cut. Then the equations can be 
formally solved putting 
(A+ B)(sin y/sin x) — Bet 
ez! ma+ny) 
A(sin*x + sin?y)+ Bsin?(«—y) 


following 


Stable (1) and unstable (II) configuration of a screw dislocation in the 


d lattice. The atoms of the f.c.c. sublattice labeled 1 are indicated 

atoms of the sublattice 2 are indicated by squares. In I the 

assume half-integer values: in II m is integer and n half- 
integer. 


This expression is also valid for n < 0, provided 
that 5/2 is added in order to preserve continuity. 
It is readily checked that (4) assumes the constant 
value —b/8 on the line m =n for n> 0. The 
energy per unit length of an infinitely long cylinder 
of material having its axis on the dislocation line is 
given by 


B 


for n 0 >. 


(3) > hat 


forn < 0 k=0 


V-l 


The procedure is now completely analogous to where N is the number of atoms along the slip 
that described in Ref. (1). The final expression plane (111). 
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Again this integral is formally the same as the 
integral evaluated in Ref. (1) for the corresponding 
configuration, suggesting that the result is struc- 
ture-independent. The boundary correction (6 
must also be added. The final result is: 


Introducing expression (4), after some mani- 
pulation one finds: 


Bb" /Csin?Nx 


2n . 


0 


where C = A/(A+2B) = c44/(e11—¢12). Bb as 
This final expression for E is formally the same as Ey rai, ( in 2y—3 In 
in Ref. (1), where the integral is evaluated in the ’ 
limit of large N. A boundary term should be added 
to E, arising from the forces on the surface needed 
to keep the cylinder in shape. This term can be 
evaluated by macroscopic elastic theory) and it is 


/ ( 
found to be per unit length: 
b 


i‘. 2 
bIn{ /5 a )| +7012 (10) 
2 +C 
— V [2eaa(e11 —c12)] > 


Sar 3. CONCLUSIONS 
\V/ [2caa/(cr1 — C12) Formulae (7) and (10) for the elastic energy 
a 4 (6) can be corrected by allowing some of the bonds in 
= + 4 2cyq/(c11 —C12) J 


sin. x«4/(1+ Csin2x) 


1+C 


| 
— tan 1, 'C+In N+ 


the core of the dislocation to deviate from Hooke’s 
law. The A bonds can always be assumed to be 
elastic, because their deformation is small also 
in the core, since A > B. But for some of the B 
bonds the strain Aw is large enough to make the 
correction V(Aw)—(B/2b)(Aw)? to the elastic 


energy quite important. The displacements should 


Adding (6) to the asymptotic expression of (5): 
Bb — { arr 
—/C | In 2y —$ In 
Amr ‘ 


In N+$In{ : : } 


1+C 
Ey = 


9 Y 
VN 2 1+ ; . ‘ 
then be recalculated in a self-consistent way, but 


id . ~ , . . . ‘o . . ~ . 
where y is Euler’s constant. this is hardly significant in view of the uncertainty 


An analogous procedure can be carried out for 
configuration II, corresponding to unstable equili- 
brium. The displacements for m > 0 are given by: 


in the form of V(Aw) and of the neglect of radial 
displacements. 
In configuration I four bonds are to be con- 


F ' (A+ B)sin y/sin x)+7A sin y e* — B cos (x—y) 


Wmnl Page —_* . 9 
A(sin2x + sin*y) + B sin?(«—y) 


Again" 5/2 must be added to (8) for m < 0 and sidered. For them 

Wmn2 is found by use of equation (3). ‘The energy a . a ; 
is the sum of a term V(b/2), due to the relative te Oe Na ’) 
displacement of the two central rows as discussed 2+ Whi, —W_12] 
in Section 1, and of an elastic term: 


(b/xr) tan}4/C 


In configuration II three couples of bonds need 
consideration. It is found from (8) that: 


m2 


Bb ff cosx cos « — cos (2N + 


4n J sinx \/(1+ Csin2x) 
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Numerical values of Ey and Ey; can be obtained 
for Si, Ge and Group III-—Group V compounds 
using the elastic constants at room temperature 
quoted in the review article by HUNTINGTON 4) 


and the value of the lattice constants given in the 
American Institute of Physics Handbook. V(Aw) 
can be approximated by a cosine law as in Section 
1. This simple assumption is sufficient to give 
physical meaning to all the above formulae. It has 
been checked that the work Bb/2n* 

n atom in the unstable equilibrium position 


needed to 


- than the cohesive energy per bond but 
- order of magnitude. 

the energies iy and Ey 

kin(R/ry), Rkin(R/ryy), 1 
5-06 1-94 


> eEXDresslo!l To! 


10? V/cm 
0-409 


1-52 eV/plane, 


D1: R 
0-441 a4, roy 


LQ: eV/cm 


17] should be considered 
alues. ‘They do not 


1 


» dislocation in the 


usual sense because the quoted values for Zy and 
Eyz include also the core energy of the dislocation. 

The difference Ey;—Fy represents the energy 
barrier that the dislocation has to overcome in 
order to move in a pure crystal. In the present 
scheme /y;—£ has the value 0:38 x 10’ eV/cm 
or 0-15 eV/plane for Si and the value 0-26 x 107 
eV/cm or 0-10 eV/plane for Ge. This is consistent 
with experimental evidence. 
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Abstract—Solid solutions of the 


compositions 


(SbeTes)1-2(InzTes)z, where x < 0:45, and 


(Bi2zTeg)1-2(IneTe3)z, where x = 0:25, have been prepared in mono- or oligo-crystalline form by 


directional freezing. The crystals retain the hexagonal structure characteristic of SbeTe3 and 


BizTes, but in both cases the volume of tl 


he unit cell diminishes with increasing In concentration 


(measured spectrochemically). Density measurements and phase analysis prove that the mechanism 
of solid solution is either the direct replacement of Sb (or Bi) by In or the simultaneous replacement 
of Te by In and Sb (or Bi) by Te. The resistivity, Hall coefficient, and Seebeck coefficient have been 
measured. The In-substituted Sb2Te 3 solutions are always p-type, but an inversion to n-type con- 
ductivity occurs in the BizgTe3 alloys, particularly at high In concentrations. The magnitude of the 


Hall coefficient is virtually unchanged by the introduction of In. In the 


3i2'l'eg alloys, the carrier 


mobility is not strongly dependent on In content, but in the Sb2Teg alloys it decreases sharply with 


increasing In concentration. The magnetic 


usceptibility is unchanged by the introduction of In. 


On the basis of these results, a model is proposed in which the nonbonding s-orbital of an In atom is 


transformed in the crystal into new states in the conduction band. 
Information is appended on the phase diagram of the In-Sb—Te ternary system, 


INTRODUCTION 

‘THE RELATIONSHIP between chemical composition, 
crystal structure, and electronic properties con- 
tinues to be one of the most intriguing problems 
in the science of the solid state. While the essential 
correctness of the one-electron band approximation 
for solids is now firmly established,“ the 
theoretical apparatus is too complex to permit 
quantitative calculations for any but the simplest 
systems. On an entirely empirical level, however, 
a number of self-consistent correlations of pro- 
perties has been evolved.@) These correlations, 
which have been rationalized in terms of qualitative 
theories of the chemical bond, have proved to be 
useful in the prediction of new compounds and 
their electrical properties. 

Where band structure calculations have been 
made on covalent semiconductors, it has been 
shown that the valence band of a crystal originates 
in the bonding molecular orbitals, while the 
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conduction band is associated with antibonding 
molecular orbitals. ‘The chemist has assumed that 
the atomic coordination in a covalent crystal re- 
flects the symmetry of the molecular orbitals and 
that their symmetry in turn reflects the symmetry 
of the atomic orbitals from which they are derived. 
By determining the nature of the bonding orbitals, 
the chemical composition determines both the 
crystal structure and the general features of the 
band structure. By specifying the band structure 
(i.e. the electron capacity of the bands) and also 
the number of valence electrons which are available 
for filling the bands, the composition influences 
the electrical properties. In this way, an hypotheti- 
cal connection is established between the com- 
position, structure, and electrical properties. 

It has been the purpose of the present study to 
explore a new aspect of this problem—namely, 
the interchange of atoms with the same nominal 
valence state between structures of different atomic 
symmetry. In particular, we have been concerned 
with the possible interchange of In with Sb or Bi 
between IngTeg and SbeTe3 or BigTes. Thus, 
the structure and electrical properties of IngT eg 
differ radically from those of BigTes and SbeTes, 
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although the cations are all nominally trivalent. 
The most noteworthy result of this investigation 
has been the discovery that as much as 45 per cent 
of Sb in SbeTeg and as much as 25 per cent of Bi 
in BigTeg may be replaced by In without altering 
either the crystal structure type or the charge 
carrier concentration of the host. 


EXPERIMENTAL PROCEDURES AND RESULTS 
Phase diagram of the SbeTe3-IngTe3 pseudo- 
binary section 
Samples of the composition, (IngTe3).—- 

(SbeTes);_2, were prepared from the elements in 


a 
a 

lJ 
= 


Fic. 


1. Phase diagram of the SbeTes3- 


and A. J. STRAUSS 

single phase material with the BigTeg structure 
was obtained by freezing melts with x as high as 
0-25. 

II. Physical properties of Sb2Teg-IngTe3 and 

BioTes—IneTes solid solutions. 

Preparation of specimens. The tendency toward 
the precipitation of large crystals was pronounced 
even in quenched samples. A simple apparatus 
was designed for the growth of crystals intended 
for physical measurements. Fifty-gram samples 
of the desired compositions were prepared from the 
sealed under vacuum in 13 cm 


elements and 


InzTe3 pseudobinary 


system. 


their commercially available form and 


sealed in evacuated quartz ampoules fitted with re- 


purest 


The samples were 
determined by 


entrant thermocouple wells. 
melted the 
direct thermal analysis. 

The liquidus is shown in Fig. 1, together with 


and freezing points 


several solidus points obtained from the heating 
curves of quenched —— The curve is quite 
5, and the solidus and 


Samples 


flat in the region 0 < x < 0-5 
liquidus in this ‘ati are quite close. S 
quenched from melts with x < 06-4 were single 
phase, with the hexagonal structure characteristic 
of SbeTes. It was concluded tentatively that In 
can extensively replace Sb in SbeTeg. Since 
BigTeg is isomorphous with SbeTes, similar be- 
havior was anticipated for the (IngTe3)z(BigTe3)1_2 
system. ‘This was confirmed experimentally, when 


sections of 10 mm quartz tubing. ‘The samples were 
placed in a vertical furnace which had a tempera- 
per cm when the average 
range 400°C-750°C. The 
“Variac”’ auto 


ture gradient of about 15 
temperature was in the 
power input was controlled by a 
transformer operating from a constant voltage 
transformer. The temperature was first raised well 
above the melting point of the samples. ‘The tubes 
shaken thoroughly, and 
The power input to the 
reduced by a syn- 
turning down the “Variac”’ 
through a of reduction gears. By this 
technique the samples were directionally frozen 
from the bottom at a slow, uniform rate without 
moving either samples or the furnace. Two freezing 
rates, 4mm/hr and 0-2 mm/hr, were employed. 


were then removed, 
returned to the furnace. 
furnace was then gradually 
chronous motor 


series 
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The samples were 5-6cm long and 10mm in 
diameter and consisted usually of several large 
grains from which it was possible to isolate satis- 
factory single crystals or bicrystals for physical 
measurements. 

Structural analysis. The lattice parameters of 
powdered samples, indexed in the hexagonal 
system, were derived by least squares analysis of 
d-spacings obtained with a Norelco X-ray diffracto- 
meter calibrated against silicon. The variation of 
these parameters with indium content of the 
SbeTes-IngTeg alloys is shown in Fig. 2. The 
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With increasing In concentration, the ¢ para- 
meter first increases slightly and then decreases for 
x > 0-3; the a parameter, on the other hand, 
decreases over the whole range. The net effect is a 
continuous decrease in the volume of the unit 
cell. 

In contrast to the case in the SbeTe3—IneTes 
system, pronounced segregation of In takes place 
in directionally frozen ingots in the Big'Tes—IngT eg 
system. The In concentration increases by as much 
as a factor of three from the bottom to the top of 
the ingots. This observation is consistent with 


SECOND PHASE 
(In,Te x) 


PRECIPITATES 





= 4263A 


= 30°4,A 
0-866 a,“c, 
4-786 X10” 


220m 





3 


3 
Xx 


‘IG. 2. Lattice parameters of Sbe’T'es—IngT es solid solutions. 


values obtained for pure SbeT eg were a = 4-263 A 
30-43 A, compared with the published 
values a = 4:25 A and c = 30-35 A. The values 
of x in Fig. 1 correspond to the compositions of 
the solid solutions, as determined by spectro- 


and ¢c = 


chemical analysis. ‘The composition of each solid 
sample is essentially the same as that of the melt 
from which it was prepared, since the variation of 
In concentration along the length of directionally 
frozen ingots was less than 15 per cent. This small 
degree of segregation indicates that the separation 
of the liquidus and solidus curves is even less than 
shown in Fig. 1. The samples were all grown at the 
rate of 4mm/hr. For this growth rate, the X-ray 
data show the maximum solubility of IngT eg in the 
SbeTe; structure to be about 45 per cent. The 
second phase appearing in samples with larger 
concentrations was identified as Ing'T'eg. 


fragmentary thermal analysis data, which indicate 
a large separation between the solidus and liquidus 
in the phase diagram. 

In Fig. 3 the variation of the lattice parameters 
with spectrochemically determined indium con- 
centration is shown for two sets of Bie Tes3—Ino Tes 
samples grown at 4mm/hr and 0-2 mm/hr., re- 
spectively. The lattice parameters of pure Big Teg, in- 
dependent of growth rate, were found to bea = 4-388 
and ¢c = 30-42, compared with the published values 
a = 4383 A and c = 30-487 A.®) The variation 
of the lattice parameters with In concentration 
in the slow-grown samples is almost the same as 
in the SbeTe3—IngTeg system. ‘The changes in the 
lattice parameters in the fast-grown samples, 
however, are significantly larger. 

A further difference based on growth rate is 
shown in Fig. 4, where the relative intensities of 
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the various X-ray diffraction lines are compared. 
The relative intensities of the lines obtained with 
the slow-grown samples are the same as in pure 
BigTe3. In the diffraction patterns of the fast- 
grown samples, however, the intensities of the 
(0,0,6) and the (0,0,15) lines 
reflections from the cleavage plane 


corresponding to 
are anomal- 
ously high. It is well-known that when samples of 
an easily cleaved material are prepared for Debye 
Scherer powder patterns the particles tend to be 
aligned, with the cleavage plane parallel to the 


surface of the sample holder. The intensities of 


the reflections from this plane then appear anomal- 
ously high. It that the 
cleavage in samples of BigTe3—Ing Tes is facilitated 


is obvious, therefore, 
by fast growth, the effect becoming even more 
pronounced with increasing In content. It is 
significant that no such effect was observed in the 
SbeTe3-IngT eg system, where the relative diffrac- 
tion intensities were always the same. 

BigTe3 and SbeT eg are octahedrally coordinated 
compounds in which sheets composed of hexagonal 
arrays of one atom species are stacked in five-fold 


Xx 


3. Lattice parameters of BizTe3—InzTes solid solutions, 


layers, i.e. (—Te—Bi-Te-Bi-Te—)y.© Although 
the sheets are stacked in a close-packed cubic 
sequence (ABCABCABC...), the spacing be- 
tween sheets is variable, so that the over-all crystal 
symmetry is best described in the hexagonal or 
rhombohedral The in the 
central sheet of each five-fold layer are bonded to 


systems. Te atoms 
three Bi atoms in each of the adjacent sheets at a 
distance of 3-22 A, the interbond angle being 85°.* 
Each Bi atom is bonded to three Te atoms in the 
central sheet and three Te atoms in a sheet bound- 
ing the layer, the bonds being 3-12 A long at an 
angle of 89°20’. ‘The Te atoms in the sheet 
bounding the layer are separated by 3-57 A at an 
angle of 76°. This large separation facilitates 
cleavage between layers. 

If the stacking sequence is preserved when In is 
introduced, there are six degrees of freedom- 
-by 
which the lattice may be adjusted. The analysis 
the Debye-Scherer patterns permits the 


three bond lengths and three bond angles 


of 





* The atomic positions in SbeTe3 are not known. 
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Fic. 4. Relative intensities of X-ray diffraction lines in powder patterns 
for BieTe3—InzTes solid solutions. 


determination of only two lattice parameters, how- 
ever: the a-spacing in the hexagonal system, which 
equals the distance between atoms in any sheet, 
and the c-spacing, which equals the distance 
between an atom in a given sheet and an atom in 
an equivalent sheet three layers removed. It can 


be shown by simple geometric arguments that if 


the lattice responds to the introduction of indium 
by a change in the bond angles only, 
A(c/c9)/A(a/ap) > —3. If, on the other hand, it 
responds by a change in the bond lengths only, 
A(c/co)/0(a/ao) = 1. According to Figs. 2 and 3 it is 
clear that neither of these values is consistent with 
the experimental results. ‘Thus the net decline in 
the volume of the unit cell which accompanies 
the introduction of indium into the Big'T’e3 and 
SbeT eg structures must reflect a simultaneous de- 
crease in both bond angles and bond lengths. 
Density measurements. Density measurements 
were made by a microgravimetric buoyancy 
method using toluene as the liquid displaced and 
germanium as a standard. ‘The density of samples 
weighing as little as 150 mg could be determined 


reproducibly to within three parts per thousand. 
The measured pure BigTe3 and 
SbeTeg lie within 0-4 per cent of the values cal- 
culated from the formula weights and unit cells. 


densities of 


The variation of density with In concentration is 
shown in Figs. 5 and 6 for the SbeTeg and BisTe3 
solutions, respectively. It is seen that the diminu- 
tion in density is much more pronounced for the 
fast-grown (BigTeg);_2(IngTes)z samples than for 
the slow-grown samples. 

On the assumption that the solid solutions are 
structurally perfect and result from the random 
substitution of In for Sb in SbeT es and for Bi in 
Big Tes, theoretical densities were calculated from 
the spectrochemically determined values of the 
indium content and the unit cell volumes in Figs. 
2 and 3. ‘The theoretical values are shown by the 
dashed curves in Figs. 5 and 6. 

The deviations of the experimental densities 
from the theoretical curve are negative in the 
SbeTeg—IngTeg system and always less than 1-1 
per The deviations from the theoretical 
curve are positive in the slow-grown BigTe3- 


cent. 
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IngTeg solutions and always less than 0-6 per 


cent. On the other hand, negative deviations as 


large as 2-5 per cent are observed in the fast-grown 
Bio T 3 lr o T¢ 3 alloy 5. 
It is believed that the difference between the 


properties of the fast-grown and the slow-grown 


crystals merely reflects an accident of crystal 


srowth whereby microscopic voids are incor- 


| 
herwise perfect fast-grown crystals. 


porated into ot 
The presence of suc h voids accounts in prir ciple 
in density, but also for 
X-ray 


behavior. 


not only To! the difte rences 


the differences in_ lattice parameters, 


diffraction intensities, and electrical 


Fic. 5 


Thus the presence of small voids in layers which 
compris¢ a BioTes crystal (see Discussion) would 
enable the surrounding lattice to contract slightly 


in a direction normal to the c-axis and thee 


fore 


would lessen the average d-spacing al d increase 


the c-spacing, as observed (Fig. 3). The voids 
would also act as points at which crystal cleavage 
may be easily initiated, consistent with the anomal- 
ous variation of the diffraction intensities for fast- 
grown crystals. The only effect of fast growth upon 
the electrical properties of the solid solutions 
(see below) appears to be a small diminution of 
the carrier mobility. This is qualitatively consistent 
with the presence ol voids, as contrasted with 
atomic vacancies which would be expected to have 
a much larger effect upon the mobility and would 
also affect the Hall coefficient. 

The formation of such voids might be connected 


with the fact that the distribution coefficient of 


In in the Bio Teg InoTeg system is much less 
than unity, so that large quantities of In are con- 
tinuously rejected at the solid liquid interface of a 


crystallizing ingot. Since the diffusion coefficients 
in the liquid are small, equilibrium growth condi- 
tions cannot be maintained for crystals grown at 
excessive rates. It would not be surprising if such 
crystals were structurally imperfect, while crystals 
grown more slowly were more nearly perfect. 
Although 
required definitely to establish the existence and 
it should be noted that none of 


urther experimental work would be 


origin of voids, 
the effects which we have attributed to voids are 
observed for fast-grown alloys in the SbeTes- 
Ing Teg system, where the distribution coefficient of 


In is close to unity. 


Densities of SbeTe3—IneTes solid solutions. 


Electrical properties. The most striking electrical 
characteristic of the Sbo'Tes Ino Tes and Bie Tes— 
Ing Teg solid solutions is the virtual independence 
of the Hall coefficient (i.e the free charge carrier 
concentration) with respect to the indium concen- 
tration. 

In Table 1, the Seebeck coefficient («), resistivity 
(p), Hall coefficient (Ry) at 8,000 G, apparent 
l/eRy), and Hall 


concentration (np 
various 


(uH Ry/p) are 
samples of the composition (SboTes); z(IneTeg)z. 
All samples were p-type at room temperature 
where the measurements were made. The speci- 


carrier 


mobility shown for 


mens employed were monocrystalline or oligo- 
crystalline, and were aligned in the Hall measure- 
ments with the magnetic field normal to the cleav- 
age plane. 

With increasing In concentration there is a 
marked increase in the Seebeck coefficient and a still 
sharper rise in the resistivity. Because of experi- 
mental difficulties with samples which simultan- 
eously exhibit high « and high p, measurements of 





SOLID SOLUTIONS OF 


the Hall coefficient were not successful beyond 
x = 0-20. Up to this point, however, it is seen 
that the increasing resistivity is due primarily 
to a decline in carrier mobility, since the carrier 
between 4x10!9 and 


concentration remains 


1 x 107° cm-%, 





760F 


7°50 = — 


1¢) 
Bi,Te, 
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(BigTe3)1_2(IngTeg)z system, but the point of 
inversion appears closer to the first-to-freeze end 
as x increases. At x(melt) = 0-35, the entire ingot 
is n-type. We attribute this result to a progressive 
displacement of the maximum in the solidus to the 
Te-rich side of the phase diagram. 


---- THEORETICAL 


SLOW-GROWN 


siete idiiniicaieemitise -| 


FAST-GROWN 


Fig. 6. Densities of BizTes—InzTes solid solutions. 


Ingots of BigTes grown from stoichiometric 
melts by directional freezing in a vertical tube 
exhibit p-type conductivity over most of their 
length, but become n-type near the end which is 
last to freeze. ‘This behavior is observed because 
the maximum of the solidus in the Bi—Te binary 
section lies on the Bi-rich side of the stoichiometric 
composition, BigTes.) A similar 
observed in ingots grown from melts in the 


inversion is 


Again the striking characteristic of the 
(Big T'eg);_2(IngTes)z system is that the Hall co- 
efficient remains near 1 cm?/C regardless of In 
concentration. ‘The properties of both p-type and 
n-type samples with x as high as 0-10 are com- 
pared with the properties of pure p-type and n-type 
Bio Tes in Table 2. 

In contrast with the SbeTe3—IngTeg system, the 
mobility of the charge carriers generally does not 


Table 1. Electrical properties of solid solutions of composition (Sb2Te3);_z(IngTes)z 


4 p X10? 
(nV /deg) (ohm-cm) 
+70 0-37 
+106 1-04 
+127 2°3 
+217 10-8 
+280 25:0 


Ru LH 
(cm?/C) (cm?/V-sec) 
+0-089 
+0 -064 
+0-118 
+0149 
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Table 2. Electrical properties of solid solutions of composition (BizTe3);_2(IngTes)z 


p X 108 
(ohm-cm) 


1-9 (0-22 
6-7 (1 3 


3°6 (0: 


the fast-grown crys 


Vagnetic properties. 


ntration, were 
W akly 


10-6 cm 


pal imag 


DISCUSSION 


crystallizes in a defect zinc blende 


6-15 A) in which 1/3 of 


vacant. 


Ino T¢ 3 
lattice (dao 
the indium sublattice are 


the sites in 
The atomic 
coordination is tetrahedral as in all zinc blende 
structures, and the structure derives its stability 
from the overlap of sp* hybrid atomic orbitals 
between In and Te atoms separated by 2-66 A. 
Bie Te3 and She Teg are, on the other hand, octahed- 
rally coordinated compounds with much larger 
bond lengths in the totally unrelated crystal struc- 
ture described above. In view of these fundamental 
differences, the great solubility of IngTeg in BigTeg 
and SbeTeg could hardly be anticipated. According 
to the simplest model for the solid solutions, In is 
substituted for Bi (or Sb) in the cation lattice of 
BieTe3 (or SbeTes), while the Te _ sublattice 


Np X 10-19 
(cm~3) 


Ru -H 
(cm?/C) (cm*/V-sec) 


1°36 (2-0) 
0-93 (0°37) 
0-75 (0-78) 


+0-46 (( 
+(0-67 (1 
+0-84 (0°80) 


+31) 240 (1410) 
*7) 100 (1290) 
230 (1670) 


290 
290 (260) 


heses refer to 78°K. The values of x 


wn at 0:2 mm/hr, while the re- 


1, 72, 733 (1958). 


An immediate difficulty with 


remains unchanged, 4 
his model is the fact that each substitution of an 
In atom for a Bi (or Sb) atom deletes two electrons 
from the lattice. From the conventional point of 
e electrons would be removed from the 
valence hole concentration 
would rise accordingly. This, however, is contrary 
we shall consider the 


view the 
band, and the free 
to experiment. Therefore, 
possibility of other models for the solid solutions. 

It is that IngTes 
retains its molecular integrity when it is dissolved 
in SbeTe3 or BioTeg. Thus it could form either 
(A) multi-layer or (B) monolayer deposits between 
the layers of the host compound or (C) could 
arrange itself in some interstitial manner. In view 
of the large solubility of IngTeg in the host com- 
pounds, one would expect the appearance of 
characteristic IngTes X-ray 
patterns for case (A), a complete transformation 
of the X-ray patterns for case (B), and an enormous 
increase of density for case (C). Since none of 
these results is observed, it is evident that IngTe3 
loses its identity in the host structure. 

It seems certain, therefore, that the mechanism 
by which In enters the BigTeg (or SbgT eg) lattice 
is substitutional. Either In replaces Bi (or Sb) 
directly or In replaces Te and the same number of 
Te atoms enter Bi (or Sb) sites. Both models are 
consistent with the formation of a single, essentially 
undistorted phase of the BigTeg structure type 
whose density agrees with the value calculated 


conceival le, for instanc e, 


spacings in the 
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from the stoichiometric formula Bigqa_z IngzTes or 
Sbaa_z)IngzTeg and the measured volume of the 
unit cell. In either case, however, it is still necessary 
to explain how the substitutions can have so little 
effect on the charge carrier concentrations. 

It is possible, in principle, for the substitutions 
to be compensated by the introduction of donor 
defects during crystal growth. Such compensation 
can be excluded, however, by the following 
arguments. The only plausible donor defects are 
Te atoms on Bi (or Sb) sites, Te vacancies, and 
Bi (or Sb) interstitials. Vacancies or interstitials 
would cause a very large decrease or increase, 
respectively, in the crystal density, contrary to the 
experimental results for SbeTes—IngT es and slow- 
grown BigTe3—IngTeg samples. ‘They would also 
require a large excess of Te to accumulate during 
directional freezing and precipitate in the last-to- 
Yet careful X-ray diffraction 


freeze section. 


analysis of entire ingots which were directionally 


frozen from melts of the compositions Bi).gIng.:' Teg 
and Sb,.2Ino.sTe3 revealed only the hexagonal 
phases associated with the BigTegs and Sbg'Te3 
lattices. This result also excludes the possibility 
that In replaces Bi (or Sb) and is electrically com- 
pensated by the simultaneous replacement of othe: 
Bi (or Sb) atoms by Te atoms. In this case an excess 
of Bi (or Sb) would have to precipitate in the last- 
to-freeze section. 

Since the mechanism of 
evidently limited either to the simple replacement 
of Bi (or Sb) by In or to the simultaneous replace- 
ment of ‘Te by In and Bi (or Sb) by Te, the electric- 
ally neutral character of such replacements must 
be examined in terms of the fundamental properties 


solid solution is 


of impurity states in compounds’ with 
Bio'Tes—Sho Teg structure. 

According to the conventional theory of im- 
purity states, the introduction of each indium atom 
should split off a doubly degenerate electron 
orbital from the valence band to a discrete energy 
level above the valence band. Therefore, even 
though the number of electrons in the valence 
band is decreased, the hole concentration could 
be kept constant by a compensating reduction in 
the number of states in the valence band 
provided that the split-off states have sufficiently 
high ior ization energy to remain unoccupied at 
ordinary temperatures. In the samples with highest 


In concentration, the split-off states (i.e. the 


H 
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bonding orbitals of the In atom) would comprise 
approximately 30 per cent of the bonding orbitals 
in the crystal. If they remained unoccupied, the 
cohesive energy would be sharply reduced, and 
the lattice would relax. The structural data indicate, 
however, that the average bond lengths are actually 
diminished by the substitution of In. Therefore, 
it is clear that the unoccupied acceptor states must 
originate elsewhere than from the valence band 
and, furthermore, that the formation of these 
states is associated with stronger overlap of the 
bonding orbitals. 

Several models have been proposed for the 
chemical bonding in BigTe3."%!!) Each assumes 
that the valence band originates in the bonding 
molecular orbitals, but different sets of octahedral 
hybrid atomic orbitals are assumed to participate 
in the formation orbitals. A 
common feature of these models is that some or all 


of the molecular 
of the atoms retain atomic-like s-states in their 
valence shells. These lie below the valence band 
of the crystal, and always remain filled. The 
electrons in these localized states contribute 
virtually nothing to either the chemical bonding 
or the electrical conductivity. The existence of such 
non-bonding “lone pairs’? of s-electrons has a 
theoretical precedent in band structure calcula- 
tions on the octahedrally coordinated semicon- 
ductor PbS, which showed that the filled s-orbital 
remains non-bonding and does not participate in 
the formation of the valence band.‘!*) There is, 
furthermore, considerable chemical evidence for 


a) 


the stability of non-bonding s-orbitals.@ 
An important property associated with non- 
bonding s-orbitals is that the filled s-orbital on 
one atom repels the filled s-orbital on an adjacent 

atom and limits the approach of the two. 
Consider now a purely formal model in which 
the six p-states of the In atom are equally divided 
between the valence band (bonding orbitals) and 
the conduction band (antibonding orbitals), but 
raised to an 
The 

; 


atom will fill the 


the two s-states (one orbital) are 


energy level well above the valence band. 


three electrons of the indium 


lowest available states, i.e. the three bonding 
states in the valence band. Since the valence band 
remains filled, there is no increase in hole con- 
centration. Since no electrons remain in the high- 
lying s-orbital, the electrostatic repulsion between 


adjacent atoms is reduced, and the lattice contracts 
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Fic. 7. Liquidus of the In—Sb—Te ternary system. The In—-Te binary section is 

from KLEMM W. and von VoceEt H. U., Z. anorg. Chem. 219, 45 (1934). The 

Sb-Te section is from HANSEN M., Constitution of Binary Alloys, 2nd Ed., 

p. 1178. McGraw Hill, N.Y. (1958). The In-Sb section is from Liu T. S. 
and Peretti E. A., Trans. Amer. Soc. Metals 44, 539 (1952). 
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in order to take advantage of a greater overlap in 
the bonding orbitals. 

This simple model obviously suffers from the 
theoretically untenable assumption that the s-states 
of an indium atom can cross over the valence 
band without mixing. This difficulty may be re- 
moved, however, by assuming that the two s- and 
six p-states of the In atom do mix, but that, under 
the influence of the octahedral crystal symmetry 
and the release of energy which accompanies 
lattice contraction, three largely p-like bonding 
states enter the valence band and the remaining 
five states are split off into the conduction band. 
Since the properties of n-type In-substituted 
BigTes do not differ greatly from those of pure 
n-type Big'Teg, it must be assumed that the energy 
distribution of the conduction band states is such 
that the properties near the bottom of the band are 
essentially unchanged. (The -type solid solutions 
presumably result, as in pure BigTes,"°) from a 
slight excess of 'Te on Bi sites.) 

The revised model is fundamentally acceptable 
and can account in principle for the salient physical 
characteristics of the solid solutions. Not only do 
the unchanging Hall coefficient and the lattice 
contraction find a natural explanation, but the 
model is not inconsistent with the weak magnetic 
susceptibility or the differences of charge carrier 
mobility in the Big'Teg and Sbg' Teg solutions. ‘Thus 
the greater electronegativity of Sb relative to Bi 
will be transmitted to the Te atoms surrounding 
an In atom and will be reflected in a stronger 
polarization of the In—Te bond; it is to be expected, 
therefore, that the mobility will be reduced more 
strongly in the Sby Teg solutions. 

The model is, of course, entirely formal and 
cannot be placed in a quantitative framework 
without much additional experimental and 
theoretical work. In its qualitative form it can be 
reconciled with each of the equally qualitative 
bonding schemes for BigT es, but, by the same 
token, it does not permit a distinction between 
them. It is, furthermore, equally applicable 
whether In replaces Bi (or Sb) or In replaces ‘Te 
with Te simultaneously replacing Bi (or Sb). 
Finally, it implies a fundamental difference be- 
tween impurity states in octahedrally coordinated 
compounds containing non-bonding s-electrons 


and impurity states in tetrahedrally coordinated 


semiconductors. 
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APPENDIX: LIQUIDUS OF THE In-Sb-Te 


TERNARY SYSTEM 
The liquidus curves of the sections (InSb)—Te and 
(InSb)z—(InzTes) have determined by thermal 
analysis. The results are summarized in Fig. 7, which also 
shows the results on the SbeTes—InzTes section, des- 


been 


cribed earlier, and the published binary sections. 

A maximum in the over-all liquidus occurs near the 
composition InSbTe. This, together with other features 
of the liquidus, suggested that solid solutions might 
occur in the Inii2_2)SbezTe section. X-ray diffraction 
analysis revealed, however, that a sample quenched 
from a melt of the composition InSbTe consisted solely 
of InTe and elemental Sb. The absence of In or InSb 
makes it clear that Sb cannot be substituted for In in the 
IneTe structure. 

It was anticipated that a compound of the 
InSbTez might be formed. This compound, which, 
like AgSbTege,(!*) may be viewed as a derivative of SnTe, 
be expected to structure. 


formula 


would have the rock-salt 
Samples quenched from melts of this composition were 
multiphase, however, and convincing 


X-ray evidence for the formation of a new cubic phase. 


there was no 
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Abstract—The neutron diffraction technique is used to study the temperature variation of the 
sublattice magnetizations of five different ferrites. Qualitative agreement with the Néel theory is 
obtained in all cases in the respect that the magnetization curve of the tetrahedral ions is more 
convex than the one due to octahedral ions. The data on magnetite are used in a quantitative analysis 
in terms of molecular field coefficients. It is shown that coefficients determined from conventional 
magnetic data do not reproduce the sublattice magnetization. This inconsistency is interpreted as an 
inability of the molecular field equations to take proper account of the magnetic interactions. 


1. INTRODUCTION 

AccorDING to the NEEL theory of ferrimagnetism“) 
a ferrite is a substance consisting of two non- 
identical magnetic substructures with negative 
interactions between substructures. The substruc- 
tures, or sublattices as we shall call them, are 
constituted by the ions on tetrahedral (A) and 
octahedral (B) sites respectively. There are twice 
as many B sites as A sites, from which follows 
that the average net magnetic moment (7) per 
ion is M = 2/3Mpy—1/3Ma, since the AB inter- 
action is negative. The existence of the two sub- 
lattices and their negative interaction have been 
conclusively proven by several types of experi- 
ments. For an excellent review of the Néel theory 
and the experimental verification we refer to an 
article by SMart’), 

It seems, however, that the possibilities offered 

* Work performed under the auspices of the U.S. 
Atomic Energy Commission. 

+ Part of this work has been reported earlier, Bull. 
Amer. Phys. Soc. 2, 127 (1957). 

t On leave from Institutt for Atomenergi, Kjeller, 
Norway; now returned. 


§ Deceased. 
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by neutron diffraction in this connection have not 
been exhausted. This method has two obvious 
advantages. Firstly the spontaneous magnetization, 
i.e. the intrinsic magnetization of a domain, may 
be observed without saturating the crystal by 
applying an external field. Secondly, the sublattice 
magnetizations may be observed separately by 
looking at the reflections from certain crystallo- 
graphic planes. ‘This has been demonstrated ex- 
perimentally by Pickart and Natuans®), Such 
experiments may in the first instance give a qualita- 
tive verification of the Néel theory and may be 
performed without too strict requirements as to 
the quality of the samples. Accurate experiments 
on samples of high quality may further be used in 
a quantitative comparison with calculations based 
on the Neéel theory. 

Before going over to the experiments and their 
interpretation, we shall review very briefly some 
of the results of the Néel theory of ferrimagnetism 
and the theory of neutron scattering by ferrites. 


2. THE NEEL THEORY OF FERRIMAGNETISM 
The Néel theory of ferrimagnetism is based on 
the molecular field theory. In the language of this 
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theory an ion in, say the A sublattice, 1s subject to 


molecular fields from: 


(a) The B ion, characterized by the molecular 
field coefficient mo. (i.e. the molecular field equals 
no Mz). 

(b) The other A ions, molecular field coefficient 


1p%. 


Similarly an ion in the B sublattice is obviously 
subject to the same AB interaction characterized 
by mo and also to a BB interaction characterized 
by moB. Nee.) has further assumed a temperature 
variation of the molecular field coefficients given 
by 


n=n(1+yT). (1) 


/ 


y is the same as the temperature coefficient of the 
volume expansion. 

It is well known from the case of a ferromagnet 
that the spontaneous magnetization of a domain 
has its maximum value at absolute zero tem- 
perature, at which all the moments are parallel. 
With increasing temperature the thermal agitation 
makes the magnetization decrease in a way 
following approximately a Brillouin function. In 
a ferrimagnet there will correspondingly be func- 
tions which describe the temperature variation of 
the sublattice magnetizations. The latter functions 
are calculated by writing the set of linear equations 
resulting fields 


above, and combining them with a Brillouin type 


from the molecular mentioned 
equation of state. The molecular field equations 
are 


» VMx,)n, (2a) 


Hp : Cz Mp+B > Mp)n, (2b) 


where Hx, and Hp are the molecular fields acting 
on an ion in the A and the B sublattice respectively. 


The sums are to be taken over the number of 


interacting neighbours. When combined with the 
equation of state, the result is a pair of transcenden- 


tal equations 


Ms = MsBs,[MaHa((kT)] = MBs, {ul, 


(3a) 


MpBs,,[v], 
3b) 


My = MyBs,(MsHp|(kT)] 


and 
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M® denotes an ionic moment at absolute zero tem- 
perature and Bg the Brillouin function for spin 
value S. The usual way of deriving molecular 
field coefficients is now to match these functions 
to experimental curves of the temperature variation 
of the saturation magnetization. In doing this one 
must make use of an equation mentioned in the 


introduction: 


M = 3Mp—}4Mj (4) 


By also including an external field in the mole- 
cular field equations (2) one may arrive at an ex- 
pression for the paramagnetic susceptibility in 
terms of the field This 
obviously gives an alternative method for assigning 


molecular coefficients, 
numerical values to the molecular field coefficients. 

Smart?) has pointed out that the determination 
of the molecular field coefficients is complicated 
by several factors, such as: the presence of two 
or more kinds of magnetic ions, different magnetic 
properties on A and B sites for a given ion, change 
of ionic distribution with temperature, variations 
of coefficients 
number of others. Because of this the empirically 


with lattice parameters, and a 
determined values should be regarded with skep- 
ticism. 

Even though the physical significance of such 
molecular field coefficients may be questioned, 
it may be of interest to see if the values determined 
by independent methods are internally consistent. 
PAUTHENET®? that molecular field 
constants determined paramagnetic sus- 
ceptibility data by FaLLor and Maroni®) do 
account for the the 
saturation magnetization within 5 per cent. As 


has shown 


from 

temperature variation of 
a further step in investigating the consistency, 
we may ask if the same empirical coefficients can 
also account for the neutron diffraction data on 
sublattice magnetizations. This will be tried below 


in the case of magnetite. 


3. NEUTRON SCATTERING BY FERRITES 

In the present case we are interested in the 
neutrons scattered magnetically from the ions in 
an inverted spinel lattice. ‘The predominant com- 
ponent of interest in the diffraction pattern is 
then constituted by the magnetic Bragg reflections. 
The intensity of such a reflection is given by the 
square The structure 
factors of the (220), (222) and (111) reflections 


of its structure factor. 
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then have the following forms: 


F(220) = Ps f(220) = CM4Bs,[u] f(220), (5a) 


- Py f(222) = CMpBs,[v] f(222), (5b) 


F(111) = (Pa—2 V Pp) f(111). 


P denotes the amplitude for magnetic scattering 
in the forward direction by an isolated ion, C is a 
constant, and f(hk/) the magnetic form factor of 
the reflection (hk/). In the temperature factors 
the Debye-Waller factor has been left out. This 
is, however, dealt with in Section (4c) below. 

From equations (5) it is seen that the tem- 
perature variations of the (220) and (222) reflections 
give directly the temperature variations of the 
spontaneous magnetization of the A and B sub- 
lattices respectively. On the other hand, both the 
A and the B ions contribute to the intensity of the 
(111) reflection. The temperature variation of the 
(111) reflection has been reported earlier by 
McREYNOLDs and Ruste“), 

Apart from the magnetic Bragg reflections there 
are also weak diffuse components of magnetic 
origin. It has been shown elsewhere, ‘) however, 
that these are much weaker than the Bragg re- 
flections. At 7, where they reach their maximum 
value, they still have less than one per cent of the 
intensity of a Bragg reflection at room temperature. 


4. EXPERIMENTS 

(a) Samples 

The experiments were carried out on a natural 
geological specimen of magnetite (FegO4) and on 
some laboratory grown ferrite crystals. All of them 
were single crystals. A spectrographic analysis 
of the magnetite crystal showed that it contained 
less than 1 per cent of metal impurities. The 
laboratory grown crystals were supplied by 


Table 1 


Name of sample Possible formula 


(NiO)o.75(FeO)o.25Fe2O3 
(NiO)o.82(FeO)o.15(ZnO)o.03Fe2Os 
(CoO)o.25(FeO)o.75Fe2O03 
(CoO)o.32(FeO)o.48(ZnO)o.20F e203 


Ni-ferrite 
(Ni+ Zn)-ferrite 
Co-ferrite 

(Co+Zn)-ferrite 
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courtesy of the Linde Air Products Company. 
Chemical analysis of the latter crystals showed 
that they were rather far from being stoichio- 
metric, and they are consequently used only in a 
qualitative test of the Néel theory. 

The table above gives the result of the analyses 
in terms of approximate chemical formulae. 

The crystals were all cut in the form of slabs 
1 mm thick such that the (111) reflection could be 
measured in transmission. The [110] axis was 
mounted vertically. 


(b) Experimental arrangement 

The crystals were mounted in a quartz oven 
with electrical heating. ‘The temperature could 
be set at any value from room temperature to 
about 800°C with a maximum uncertainty of 2° 
at the highest temperatures. In some cases the 
crystal was mounted in a miniature quartz oven 
between the poles of an electromagnet. In the latter 
arrangement the temperature uncertainty was as 
big as 4°. The wavelength of incident neutrons 
was 1-05 A, and second order reflection from the 
monochromator was effectively removed by using 
a plutonium filter. 


(c) Treatment of experimental data 

We are in this connection interested in the in- 
tensity of magnetically scattered neutrons, and the 
intensity of the nuclear component has to be sub- 
tracted. This was done by an extrapolation to 
lower temperatures of the intensity above the 
Néel temperature. In the extrapolation process a 
Debye-Waller factor had to be invoked. A common 
Debye temperature of 470°C, which is derived 
from the specific heat data of magnetite, was used 
for all the ferrites. Measurements on the nuclear 
(113) reflection showed that the temperature 
variation was reasonably well accounted for by the 
Debye temperature chosen. 

The magnetic intensity component obtained by 
this procedure must also be corrected for the 
temperature motion of the nuclei. In the absence 
of a better procedure we applied the same Debye 
Waller correction. The resulting intensity, or 
more correctly its square root, is to be compared 
with formula (5). 

In the abovementioned correction we _ have, 
however, neglected the influence of extinction. 
The effect of extinction is to flatten the curve at 
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lower temperatures. The extinction correction 
requires a knowledge of the mosaic spread. 
Rocking taken for the different 
ferrites under investigation and yielded a common 
mosaic spread of 4-5 minutes of arc. A check on 
this value for the mosaic spread in magnetite was 


curves were 


obtained by measuring the intensity ratio [990/440 


Fic. 1 ymparison between diffracted neutron in- 
} 


tensities from unmagnetized and magnetized crystals 


Magnetic field 


i.e. along a direction in reflecting plane 


wa applied normal to scattering vector, 
Intensities have 
at room temperature 


been normalize d to same value 


for slabs of various thicknesses, ranging from 0:3 
to 4mm, and using the extinction formula given 
by Bacon and Lowpe"?. In the correction of the 
temperature curves we applied the 
HAMILTON 9) which 
the 


intensity \ 
extinction formula given by 
takes better the 
crystal. It was found that the most reliable data 


account of actual size of 
were obtained by measuring the (111) and (222) 
reflections, which both diffracted in transmission, 
and deducing the (220) data from them. This 


and L. 
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method of deducing the (220) data was applied 
only in the case of magnetite. The maximum 
extinction corrections applied were 7 per cent 
on the (111) and 4 per cent on the (222) reflection. 


(d) Experimental results 

In Fig. 1 the intensity of the (111) reflection of 
(Ni+Zn)-ferrite is shown as a function of tem- 
perature. Two sets of values have been recorded 


at each temperature and both have been normal- 
ized relative to the values at room temperature. 
One value is measured with no field applied to the 
crystal, the other is observed when the crystal is 


Fic. 
relative 
Curve is from magnetic data by 

points from neutron diffraction data. 


2. Comparison between temperature variations of 
two different ways. 
PAUTHENET (Ref. 5), 


magnetization derived in 


magnetized to saturation in the vertical direction, 
i.e. normal to the scattering vector. The close 
agreement between the two sets of values shows 
that the spontaneous magnetization and the satura- 
tion magnetization are equal, in other words that 
a field giving technical saturation does not affect the 
intrinsic magnetization of a domain. 

[In Fig. 2 the experimental data on the sub- 
lattice magnetizations of magnetite obtained from 
the (111) and (222) reflections have been used in 
synthetizing the magnetization curve by means of 
formula (4). The curve represents the magnetiza- 
tion data of PAUTHENET®), and our experimental 
values have been normalized to fit the curve at 
room temperature. The agreement is sufficiently 
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good to justify a comparison between our experi- 
mentally observed sublattice magnetizations and 
theoretical curves calculated by means of PAUTHE- 
NET’S molecular field coefficients. 

Before proceeding to this quantitative analysis 
we shall give a qualitative verification of the Néel 
theory. 

The spinel structure of ferrites is such that an 
A atom is surrounded by 12 B atoms and 4 A 
atoms, a B atom is, on the other hand, surrounded 











The values of the temperature variation of the 
sublattice magnetizations Bg, [u] and Bs, [v] for 
magnetite, as deduced from the neutron diffrac- 
tion data, are given in Table 2. The temperature is 
also given as a fraction of the paramagnetic Curie 
temperature 6 in order to be able to compare with 
calculations based on PAUTHENET’s values of the 
molecular field coefficients. According to his paper 
§ = 869°K. Our experimental data have been 
arbitrarily normalized to the theoretical values at 





- ial TT 
emperature, 


d 


nope 


Fic. 3. Neutron diffraction data giving temperature variation of sublattice magnetiza- 
tions. (220) reflection gives magnetization of ions on tetrahedral (A) sites, (222) the 
same for octahedral (B) sites. 


by 6 A atoms and 6 B atoms. If we make the 
customary assumptions that all interactions are 
negative, further that the AB interaction is the 
dominating one and the BB interaction by far the 
weakest one, then it follows that an A atom is 
subject to the strongest molecular field. It is there- 
fore to be expected that it will be harder to disrupt 
the alignment of the moments on the A sites and 
consequently the (222) curve should lie below the 
(220) curve. This is indeed found to be the case, 
as seen from Figs. 3(a), (b), (c) and (d). ‘The square 
root of the intensity has been plotted because this 
quantity corresponds to the sublattice magnetiza- 
tion. 


room temperature. The table also lists two sets 
of Brillouin functions. In Fig. 4 we have plotted 
experimental and theoretical values of Bs ,(u) and 


Bs,,(2). 


5. DISCUSSION 

The curves of Fig. 3 are consistent with the 
qualitative predictions of the molecular field 
theory: the sublattice, the ions of which are ex- 
posed to the strongest molecular field, will at any 
temperature below the Curie point have the highest 
degree of magnetic order. This general conclusion 
the linear 


does not prove the correctness of 


equations (2a) and (2b), however. Other neutron 
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Fic. 4. Comparison between experimental and theoretical values of sublattice 
magnetizations of magnetite. Curves have been calculated from molecular field 
theory using parameters consistent with magnetic data, points represent neutron 
diffraction data. Filled and open circles should be compared with upper and lower 


curve respectively. 


Table 2. Temperature variation of sublattice magnetizations of magnetite. Observed values are obtained from 
neutron diffraction data, theoretical values are calculated using parameters derived from magnetic data. 


Bs,fulor Bs,,[vlovs Bs (u)ecar Bs,[vJeaic By;2 
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0-868 ‘806 *838 -772 ‘856 
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diffraction data on critical scattering®) suggest 
on the contrary that they must be a rather poor 
approximation to the real interactions. 

A further test of the validity of these equations 
is given by the data in Fig. 4. ‘These data have been 
corrected as explained above. The major correc- 
tions which had to be introduced were those due 
to extinction effects. In our estimate of the ex- 
tinction we assumed that only secondary extinction 
was present and based the correction on the heavy 
extinction in (440) relative to (220). ‘The empirical 
value of the mosaic spread arrived at by this 
procedure, can be applied to reflections that are 
either of magnetic or nuclear origin,“1) but not 
to reflections that have strong contributions from 
both components. The nuclear contribution to 
(111) is less than 4 per cent and an application of 
the same should be justified. The agreement ob- 
tained in Fig. 2 shows, however, that the (222) 
data are also correctly taken care of by the same 
procedure. The nuclear contribution to (222) is 
about 10 per cent. 

Thus the secondary extinction must dominate, 
but the primary extinction") should show up on 
(220) where the nuclear and magnetic components 
are mixed in the ratio of three to two for a un- 
magnetized crystal. The (220) intensity can be 
arrived at in two ways, either by direct observa- 
tions or from the intensities of (111) and (222). 
The discrepancy between the two values which 
we obtained in these ways, showed that the primary 
extinction of (220) was weak and could not be 
stronger than 3 per cent for the (111) and (222) 
reflections. 

It therefore seems safe to state that the dis- 
crepancy between experimental points 
theoretical curves in Fig. 4, which amounts to 


and 
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about 20 per cent, is of real physical significance. 
Fig. 4 thus implies that molecular field coefficients 
that match the temperature variations of the total 
magnetization and the paramagnetic susceptibility 
do not account properly for the sublattice mag- 
netization. We have not tried to find values of the 
coefficients which would match our curves, but 


obviously these values would be inconsistent with 
those derived from magnetic data. This incon- 
sistency must be due to an inability of the linear 
equations (2a) and (2b) to take proper account of 


the interactions. 
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Abstract 
prepared by melting, quenching and annealing 


The electronic properties of SbzBiz_zTe3-ySey were investigated. The materials were 
proj 1 1 
. It is found that yo, the value of y for which the 


thermoelectric power reverses from p-type to n-type, coincides with the electrical conductivity 

minimum, and increases with increasing x. An explanation of the results is proposed based on a model 
7 V "Tt » 

of chemical bonding in compounds of the type A} BY". The smaller value of yo for x = 0 than for 


x 1-0 is interpreted by taking into account the additional effect of the variation of carrier mobility 


with y. 


X-ray analysis shows that the system is a continuous solid solution with the hexagonal 


structure except for the region whose composition is close to SbeSe3. Curves of the electrical con- 


ductivity 
and orthorhombic structures are shown. 


INTRODUCTION 
[HE semiconducting properties of BigTes have 
been known to deviate from those normally found 
in most of the semiconducting compounds. ‘Thus, 
the rather complicated behavior of BigTeg can be 
interpreted in terms of the chemical bonding. 
Schemes for the chemical bonding in Bis Teg have 
been discussed by several investigators, 2.3.4) The 
atomic arrangement in BigT es is believed to be a 
layered structure with the period of 
Ted — 

Te and Te®) being inequivalent. The Bi-Te®@ 
bond is weaker than Bi-Te™? because of the longer 
DRABBLE and GOopDMAN®) 
have used this model to explain the optical energy 


interatomic distance. 


gap of an alloy BigTe3_,Se,, in which tellurium 
atoms in BigTeg are partially replaced by more 
electronegative selenium. FUSCHILLO et al.) have 
observed that this alloy is intrinsic at the com- 
position y = 0-9, but they have given no explana- 
tion for this behavior. 

It will be interesting to investigate a system in 
which not only is tellurium substituted for 
selenium but also bismuth is replaced by antimony 
in BigTes. In this paper a study of the electrical 


and the thermoelectric power are discontinuous, where the admixture phases of hexagonal 


conductivity and the thermoelectric power of 
SbzBig_,Te3_,Se, system is presented. Since 
SbeSeg has a different crystal structure from the 
other three compounds, it is probable that there 
exists a limit of the solid solubility of SbeSeg in this 
four component system. The lattice constants and 
crystal structures were determined in the whole 
range of the system by X-ray analysis. An inter- 
pretation for the results will be proposed on the 
model for com- 
pounds of the type AYB', . It is assumed that this 
model can be applied to the general features of 
similar compounds and alloys. 


basis of the chemical bonding 


EXPERIMENTAL 

The polycrystalline materials with the composi- 
tion Sb,Bie_,Tes3_ySe, were prepared by melting 
component elements in stoichiometric proportions 
in sealed quartz capsules evacuated to a pressure of 
10-5 mm Hg. The purities of these elements had 
been shown to be more than 99-999 per cent by 
spectroscopic analysis. The melt was frozen as 
rapidly as possible by plunging the capsule into 
water, and subsequently annealed at 500°C for 
several hours in order to achieve homogeneity. 
Specimens for electrical measurements were cut 
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from the ingot with a diamond wheel to the desired 
dimension and were polished on a glass plate. 

The thermoelectric power, relative to two gold 
blocks in which copper-constantan thermo- 
junctions (0-1 mm in diameter) were inserted, was 
measured with a d.c. potentiometer and a high- 
input impedance d.c. voltmeter. The electro- 
motive force of the thermocouples had been 
calibrated at the melting point and the boiling 
point of water and the melting point of metallic 
tin. The temperature was measured by a galvano- 
meter with an accuracy of +0-1°C. The specimens 
were disks of 2 ~ 3 mm in thickness and 10mm in 
diameter. During the measurements the specimen 
was kept in a vacuum of 10-3 mm Hg. The tem- 
perature difference between the ends of the 
specimen was 25°C and the mean value of the 
temperatures at the ends was taken as the specimen 
temperature. 

Electrical conductivity measurements 
carried out by a four-point method, using a d.c. 
potentiometer. 

Crystal structures and lattice constants were 
determined by the powder method with an X-ray 


were 


diffractometer. The relative errors in lattice con- 


stants were within 0-01 per cent. 


RESULTS 
The temperature dependence of the thermo- 
electric power was not the same throughout all 
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compositions of the system; however, the general 
features of the curves are in agreement with the 
results obtained by FuscuIL_o et al. Some typical 





Temperature 
Fic. 1. Thermoelectric power of SbzBie_2'Tes_ySey as a 
function of temperature. 


plots of the temperature variation of the thermo- 


electric power are shown in Fig. 1. Fig. 2 shows the 
isothermal thermoelectric power vs. the composi- 
tion at 50°C. The features of these curves are 








Thermoelectric 








-300! 





2.0 25 


Fic. 2. Thermoelectric power isotherms of SbzBiz_zTes_ySey 
system. 





126 IWAO TERAMOTO and 


similar to those for the other temperatures. ‘These 
curves show that the sign of the thermoelectric 
power reverses from positive to negative, as y 
except for the case 


from zero to 3, 


x 2-0. yo, the value of y for which the thermo- 


increases 
electric power becomes zero, is 0°75 for x = 0 
(Bio Te 3 / wy). 


shown in the curves. In the case x 


vith increasing x as 
2-0, where all 


YO increases 


Fic. 3 
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electric power become extremely large, and show 
discontinuities with composition. 

The electrical conductivity measured at room 
temperature for various compositions is shown in 
Fig. 3. These curves have minima just for the 
composition at which the thermoelectric power re- 
verses sign. Curves of the electrical conductivity 
also have discontinuities for the compositions 


Electrical conductivity isotherms of SbzBie_zTes_,Se 


system 


bismuth atoms are replaced by antimony, the sign 
of the 
throughout the whole range of y from 0 to 3-0. At 
2-0 and 


the absolute magnitudes of the thermo- 


thermoelectric power is always positive 
compositions in the neighborhood of a 


V) 3-0). 


re 


. Schematic diagram of the relation between the 
crystal structure and the composition in 
SbzBio_,T« Se, system. 


near x = 2-0 and y = 3-0. It is found that these 
discontinuities occur just for the same compo- 
sitions as for the curves of the thermoelectric- 
power. 


Figure 4 is a schematic diagram showing the 


relation between the crystal structures obtained by 
X-ray i 


Sb,Bie_,Te3_,Se,. ‘The crystal structures of the 


analysis and the compositions in 
materials are either hexagonal, orthorhombic or an 
admixture of the two. In a wide range of com- 
positions, except in the neighborhood of SbeSes, 
the structure is observed to be a hexagonal solid 
solution. Variations of the lattice constants with 
composition are shown in Figs. 5(a), 5(b) and 5(c). 
The lattice constants vary continuously with in- 
creasing antimony and/or selenium concentration. 
When the compositions are close to SbeSeg, an 
orthorhombic solid solution appears as an admixed 
phase, until finally there is a pure orthorhombic 
phase for SbeSeg. It should be noticed that the 
curves. both of the thermoelectric power and the 
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electrical conductivity show discontinuities just at 
the limits of solid solubility of the hexagonal 
structure. 








for hexagonal, 


Cc 


IN 


z 


DISCUSSION 


The compositions at which the curves of the 
thermoelectric power the and 
those of electrical conductivity show minima, 
correspond to the compositions of 
SbzBig_7Tes_ Sey. 

We shall give a general explanation of these 
results on the basis of chemical bonding. 

The bonding model for BigTeg proposed by 
DRABBLE and GOODMAN™) leads to the expectation 


cross ZerO-axis 


intrinsic 
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that a deficit of tellurium from stoichiometry may 
occur at the Te") sites, since Te®) atoms have 
higher free energy than Te? atoms. It is a well- 
established fact 4-6) that BigTe3 grown from a melt 
of stoichiometric composition is always a p-type 
conductor and in order to get m-type it is necessary 
to add an excess of tellurium. From this fact, it is 
believed that the maximum melting point in the 
Bi-Te system does not occur at the stoichiometric 
composition of BigTes, but rather at a bismuth- 
rich composition.) ‘Thus, excess bismuth atoms 
may occupy the Te") sites and act as acceptors. 


Fic. 5. Lattice constants in SbrBiz_2zTes_ySey system. 


(a) a for hexagonal structure 
(b) 
(c) 


c for hexagonal structure 
a and c for hexagonal structure, and a, b and ¢ for 


orthorhombic structure. 


This substitutional occupancy of the tellurium 
sites by bismuth atoms can be expected because 
bismuth and tellurium are similar in electro- 
negativity and atomic radius. Likewise, the bis- 
muth sites may be substitutionally occupied by the 
tellurium atoms when the tellurium atoms are 
stoichiometrically in excess and m-type conduction 
is shown. 

If selenium is substituted for tellurium it is to 
be expected from the above model that the selen- 


ium atom will at first go into the Te") site because 


A 
A 


’ 


= 
°o 
~ 
Oo 
= 
Q 
A] 
Cc 
io) 
1°] 
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selenium is more electronegative than tellurium. 
Thus, BigTe3_,Sey will be intrinsic when all the 
Te) atoms are replaced by selenium, since Te? 
sites are stabilized by the substitution with selen- 
ium. As y increases from one, the selenium atoms 
will go into the Te“) sites making the nearest 
bismuth atoms more electronegative and leading to 
an n-type characteristic. 

On the other hand, it has been observed that 
SbeTes grown from a melt of stoichiometric com- 
position is always a p-type conductor as is BigTes. 
In the Sb,Bie r les is a 
p-type conductor throughout, from x = 0 to 2-0. 
The values of electronegativity of both bismuth 


present investigation 


and antimony are 1-8 according to Gorpy and 
Tuomas), However, it is reasonable to expect that 
bismuth has a somewhat smaller electronegativity 
than antimony, since in the Sb,Big_,Te3_,Se, 
system, when antimony atoms are substituted for 
Bi, vo increases linearly with increasing x as shown 
in Fig. 6. This means that antimony, being more 
electronegative than bismuth, is more like tellur- 
ium in electronegativity than bismuth* and can 
occupy the Te sites more easily. In any case, 
because of the small difference in this value 
between bismuth and antimony, the effect of x on 


the sign reversal of thermoelectric power in 


Sb,Bie_7Te3_,Se, is not so strong as the effect of 


y, and the relationship between x and yo can be 


indicated by the slope in Fig. 6. Generally speak- 


ing, it can be said that the larger electronegativity 
of the metal component shifts the system towards 
p-type conduction and the larger electronegativity 
of the metalloid component towards n-type con- 
duction. The above considerations lead te a pre- 
diction that yo will be larger in As;Bis_,Te3_,Sey 
than in Sb,Biso_,Te3_,Se, 
electronegative than antimony, 
in Sb,Bis r Tes we 


sulfur is 


since arsenic 1s 


more and it 


will be smaller than in 


SbzBie x leg yey since more electro- 


* Gorpy and ‘THomas'®) give the electronegativity 


values of these elements as follows, 


Sb* 


18 ~ 1-82 2-1 


1 V 
The value for Bi’ was not given, but may be a little 
smaller than 2-1 for Sb* 
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negative than selenium. These systems are now 
under investigation. 

According to the above model, the value of Yo 
for x = 0 should be 1-0 where all the Te) sites are 
occupied by selenium atoms. Nevertheless, the 
present experiment shows that yo = 0-75, and 
FuscHi._o et al.) and BirKHOoLz"™) obtained the 
values 0-9 and 0-67 respectively. These values are 
all smaller than 1-0. This can be understood by 
taking into account the additional effect that hole 


= y for the intrinsic composi- 
rTe3_ySey system. 


Variation of yo ( 
tion) with x in SbzBie 


Fic. 6. 


and electron mobilities change with y. According to 
PutLey"®) the thermoelectric power is given by 
k nyy(2—€/RkT) — pyo(2—E/RT) 
NjL1 + PpL2 
where « is the thermoelectric power, m and p the 
electrons and 


concentration of the conduction 


holes in the full band, respectively, M1 and pe the 
mobility of conduction electrons and holes, re- 
spectively, « the chemical potential 


nh? 


” inf 2(2nm kT )3 3) 


e the chemical potential for positive holes 


;}: 


2(27mokT )3/2 


ph® 


E-. kT In{ 
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E the energy gap between the bands, m and mg the 
effective mass of electrons and positive holes, 
respectively. Obviously, the carrier which has the 
larger product of mobility and concentration deter- 
mines the sign of the thermoelectric power. 
Jorre™!) has recently shown that in the 
Big Tes—BigS3 system the hole mobility is lowered 
by increasing the proportion of BigS3, and in the 
Bio Tes—Sbe Teg system, hole mobility is raised and 
electron mobility is lowered by increasing SbeTes. 
These results show that the hole mobility in 
SbzBig_,Tes3_ySey will be increased with increas- 
ing x and decreased with increasing y. This 
additional effect of the variation in carrier mobility 
may be the reason why the apparent intrinsic com- 
position of BigTes_,Se, has been observed not at 
y = 1-0 but at values of y less than 1-0. Impurities 
of component elements may also account for the 
distributed values from 0-9 to 0-67 even under the 


similar condition. 
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Abstract 


The transition temperatures and crystal structures of several new superconducting 


compounds are reported. Some crystal structures are more favorable than others for the occurrence 
of superconductivity. The transition temperatures reflect the decisive influence of the valence 


electron concentration. 


‘THE PURPOSE of this paper is to report several new 
superconducting compounds which cover a variety 
of crystal structures, compositions, and concentra- 
tions of valence electrons. 

All the compounds except MoGay and YsBig 
were prepared by reacting the appropriate amounts 
of the elements in an arc furnace under a helium 
or argon atmosphere. The MoGa, was prepared 
in fused quartz tubes at 1300°C and the Ys3Big in 
fused quartz tubes at 1230°C. The compositions 
reported are those of the mixed elements before 
reaction. The crystal structures were identified 
from Debye-Scherrer diffraction patterns. The 


observed intensities were compared with those 
calculated from the published structural data. 
The superconducting transition temperatures 
and crystal structures are given in Table 1. The 
newly discovered compounds are ThRug,* Th7Osg 
and Th7Irg. ‘ThRug has the MgCug type structure 
(C15); ‘Th7Osg and ThzIrg are isostructural with 
Th7Fes, Th7Cog and Th7Nig reported by FLorIo 
et al.") The powder pattern for ZrIrg* is that of 


* Note added in proof: After the present paper was 
completed, Dwicut(!9) reported crystal structure data 
for ThRugand ZrIr2. Our data are in agreement with his 
results. 


Table 1. Superconductivity and crystal structure data 


Transition Lattice 
temperature, 


K System 


Compound 
ao, é 


TisSb Cubic 


Cubic 


Zrire 
ThRue 
ThlIre 


ZrRue2 Hexagonal 
Zrt so A ie 9° 


Crystal structure data 


Constants 
— Structure References to 
co,A type previous work 


Kjekshus‘6 
Geller?) 


p-W-A15 


”» 


Geller‘’); Greenfield & 
Beck(®) 

Wallbaum'?); Elliott & 
Rostoker‘?) 

Elliott & Rostoker‘?) 

Wallbaum(?); Dwight(?9) 

Dwight!) 

Dwight, Downey & 
Conner'”) 


MgCue—-C15 


MegZne—-C14 


” 


Wallbaum’? 
Wallbaum(?) 





SOME NEW SUPERCONDUCTING COMPOUNDS 


Table 1 (Contd.) 


Crystal structure data 





Transition Lattice Constants 
Compound | temperature, ——________ Structure References to 
| | . 
ao, A } previous work 





TisReoa . ‘ubi 58 Trzebiatowski & 
Niemiec'!9) 
ZrRee . 698 Savitskii et al,(1) 
Nbi8a/oRe | : . Knapton'!*);  Green- 
field & Beck(8); 
Niemiec & 
Trzebiatowski) 
NbOsz . ‘655 Knapton(? 
Tas6.2a/oRe . ‘76: Knapton'!*); Green- 
field & Beck‘®); 
Niemiec & 
Trzebiatowski) 
i 2 ‘a Knapton(!* 


Nb3Ose . Tetragonal . 50: o Phase Knapton(!2 
NbsIre z 5°05 , Knapton(? 
Nbs5Pts ae & . a°k4 t Greenfield & Beck‘®) 


Th7Fes ‘8 82° 2 Florio, Baenziger & 
Rundle) 

Th7Cog 8: ‘83: 2 Pe Florio, Baenziger & 
Rundle"! 

Th7Nis . ‘885 OF : Florio, Baenziger & 
Rundle! 

Th7Osz3 

ThaIrs 

TheCu 4 Tetragonal 2! 5-75 ‘uAle-C16 Murray 

TheAg ‘ Me “5¢ 5°38 mS Murray(4 

TheAu 3-08 — . 5° , Murray) 


TizCo 3° Cubic . Orrell & Fontana‘!4); 
Duwez & Taylor‘); 
Purdy & Parr‘! 

Ru7Bs “58 Hexagonal WE Th7Fe3-D102)| Aronnson‘!® 

LasIn . Cubict 5: CusAu-Lle Tandelli(!® 

AlsOs 

Ys3Big ‘25 Pattern not interpreted 

MoGaa 


* R. D. BLaucueErRand J. K. Hut (this Journal) report the transition temperature of these compounds, and with 
the exception of TaRes, their values are somewhat lower than those given in Table 1. The discrepancy may be due 
to differences in composition or to the fact that they have taken the midpoint of the transition whereas we have taken 
the upper onset temperature. 

The difference in the reported values for the transition temperature of the «-Mn phase in the Ta—Re system is 
probably due to the difference in valence electron concentration. TaRe3 has a valence electron concentration of 6°5 
and a transition temperature of 6:78°K; whereas T'ag6-2a/o Re has a valence electron concentration of 6:3 and a 
transition temperature of 1:46°K. 


+ This result is due to W. H. ZACHARIASEN. 





132 B. T. MATTHIAS, V. B. 


the cubic Laves phase, MgCue type (C15) and 
there is no evidence of the hexagonal Laves phase, 
MgZng type (C14) reported by WaLiLBauM”), 
ZrVz2 has the cubic Laves phase C15 type structure 
which agrees with the results of ELLIoTT and 
RosToKER®) and is not the hexagonal Laves phase, 
C14 type, structure described by WALLBAUM®), 
The patterns of TheCu, TheAg, and ThaAu were 
indexed using the lattice constants reported by 
Murray"), 

There are several crystal structures which are 
favorable for the occurrence of superconductivity. 
The best known seems to be the f-wolfram type 
(A15). All the £-wolfram compounds with suitable 


concentrations are superconducting, 


electron 
except VgAu. Other common structures for super- 
conductors are the NaCl type (Bl), the MgCue 
type (C15) and the MgZne type (C14). 

The CsCl type structure (B2) seems to be the 
least favorable of the structures investigated for 
superconductivity. Several compounds with this 
structure including MgAu, AlOs, ScPt, TiOs, and 
VOs4oa/o are normal down to 1-02°K in spite of 
favorable electron concentrations. 

Several of the combinations of elements that 
form compounds with the f-wolfram structure 
will also form compounds, of different stoichio- 
metric proportions, with the «-manganese struc- 
ture or will form a sigma phase. If the electron 
concentration is more favorable in these structures, 
the superconducting transition temperature will 
be higher than in the corresponding f-wolfram 
structure. In the 
instance, NbOsge («-Mn type 
has the highest transition temperature, 2°52°K 
followed by NbsQ0s2 (co phase—6-2 
electrons) 1-:78°K, and NbgOs (8-W 
valence electrons) 1-05°K. The transition tempera- 


niobium—osmium system, for 


7 valence electrons) 


valence 
type—5°8 


6-6 valence electrons) 
NbglIr ( B-W 


Occasionally it is 


ture of Nbglre (o phase 
is 98K, that of 
electrons) is 1°7°K. 


while type—6 
valence 
possible to vary the electron concentration in the 
8-wolfram structure simply by deviating from the 
stoichiometric composition. For example, V3Ir 
(6-0 valence electrons) is not superconducting 
above 1-02°K, whereas (Vo.g7Iro-33)Ir or Voelr 
(6-3 valence electrons) becomes superconducting at 
1-39°K; V3Pt (6-3 valence electrons) becomes super- 
conducting at 2°83°K and (Vo.g7Pto-33)Pt or VoPt 
(6-7 valence electrons) is normal down to 1-02°K. 


COMPTON and E. 


CORENZWIT 


Quite frequently the individual superconducting 
nature of the constituent elements is lost entirely 
in a superconducting compound. For example, 
niobium is a superconductor above 8°K and 
titanium below 0:5°K; whereas, Nbg3Sb is normal 
down to 1°K and 'TigSb becomes superconducting 
at 5-8.* This however is consistent again with the 
valence electron criterion for the occurrence of 
superconductivity described previously.©) How- 
ever, the simple valence electron picture is very 
often complicated by magnetic interactions. The 
compounds of Fe, Co, and Ni with Th are an 
illustration. The maximum transition temperature 
in the series, that of Th7Nig, occurs at an elec- 
tron concentration closer to six than to five elec- 
trons per atom. 

In calculating the number of valence electrons, 
the simplifying assumption was initially made that 
all the elements in the same column have the same 
number of electrons. Obviously, this is an over- 
simplification. ‘The increasing number of super- 
conductors makes it possible to evaluate qualita- 
tively the relative number of contributed electrons 
for elements in the same column. 'TheCu, TheAg, 
and TheAu form the first complete series. Un- 
fortunately, it is difficult to decide whether any 
d-electrons participate in this intermetallic bond 
and therefore whether the number of valence 
electrons should be counted as one or eleven. The 
average number of valence electrons per atom in 
ThoX, where X is Cu, Ag or Au is 3-00 if X con- 
tributes one electron and 6-33 if X contributes 
eleven. In either case, a decrease in the super- 
conducting transition temperature corresponds to 
a reduction in the number of valence electrons. 
Since the transition temperature varies directly 
with about the seventh power of the volume and 
inversely with the mass, ThgAg should have a 
higher transition temperature than the corre- 
sponding copper or gold compounds. However, 
the transition temperature of ‘ThgAg is lower than 
that of TheCu and that of ThoAu, and therefore 
the number of valence electrons per atom in silver 
is probably less than in copper or gold. As a matter 
of fact this is the first superconducting compound 


of silver to be reported. 


* We are very grateful to Dr. KEJSkHUS who pointed 
out to us in a private communication that 'TigSb forms 
the B-wolfram type structure (A15). 
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Abstract 


The sigma and alpha-manganese structures formed by binary alloys between the group 


(V, Nb, Ta, Cr, Mo, W) and the group (Mn, Fe, Co, Ni, Ru, Rh, Pd, Re, Os, Ir, Pt) were investigated 
for superconductivity down to 1°K. Nineteen new superconductors were found in these two systems 


with the majority occurring in the sigma phase. 


A plot of superconducting transition temperature 


of the sigma phases against the average number of valence electrons per atom exhibited a maximum 
at approximately 6} electrons per atom. This maximum is similar to those found for other structures 
by Martruias, however it is displaced somewhat from the vicinity of 5 or 7 electrons per atom which 
MatTruias indicated to be characteristic of other systems. The sigma phase data therefore suggests 
to us that in compound formation between pairs of transition elements, the d-band shape is preserved 
to some extent and is filled at an intermediate level by the available electrons. 


1. INTRODUCTION 
Marruias”) has pointed out that for elements 
with incomplete d-shells, the so-called “transition” 


elements, superconductivity occurs in the vicinity 


of 3, 5 and 7 valence electrons per atom. Each of 


these transition temperature peaks has, on either 
side of it, a valley of normal behavior. This 
phenomenon is obviously connected with peaks 
in the density of states at the Fermi surface, which 
have also been identified in the neighborhood of 
Groups 3, 5 and 7 from heat capacity and other 
normal electronic data.) One possible explanation 
of both these effects is that the curve of density of 
states vs. energy in the d-band has the same 
general shape for all the transition elements. Thus 
as one moves across the periodic table and the 


d-band is 
electrons, the electronic properties fluctuate ac- 


filled up by the addition of extra 
cording to the shape of the general density of 
states curve. Clearly the general curve must ex- 
hibit at least three well-defined maxima to corre- 
spond with the observed electronic prope rties. 
From the above picture it may be expected that 
upon mixing two transition elements in solid 
solution, the electronic properties will depend 
upon the shape of the general density of states 
curve between the two elements, since the d-band 


will be filled to an intermediate point. This pre- 
diction does seem to be borne out quite well by 
the superconducting transition temperature be- 
havior for solid solution alloys of transition 
metals.“.3.4) Unfortunately non-superconducting 
electronic data are almost entirely lacking for such 
systems. 

It is of interest to examine the case in which 
two transition elements combine to form an inter- 
metallic compound with a structure different from 
that of the parent metals. ‘To apply the general 
density of states curve picture in this case would 
appear to be dangerous. However, there is evidence 
that the picture is at least roughly applicable. 
Martruias and his co-workers®~!9 have tested a 
large number of f-W structure compounds for 
superconductivity. If one calculates for each com- 
pound an average number of valence electrons per 
atom based upon the valencies of the constituent 
elements, those compounds with close to five or 
seven valence electrons per atom exhibit the highest 
transition temperatures. One may again interpret 
this as a filling of the d-band to an intermediate 


point which happens to correspond to a peak in 


the general density of states curve. 
The possibility of deducing some of the electron- 
ic properties of a compound from a knowledge of 
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the electronic properties of the constituent 
elements is an attractive one. In an attempt to 
examine the validity of the method in further 
detail, we have searched for other families of 
transition metal compounds with superconducting 
members. T'wo such families have recently become 
more prominent due to advances in metallurgical 
techniques for dealing with refractory metals. 
These are the so-called ‘“‘o-phase” and the «-Mn 
structure. 

The o-phase is identified as a complex tetragonal 
structure containing 30 atoms per unit cell where 
the atoms are in five planes with a stacking 
arrangement resembling ABACA. Stiwe!!) has 
recently suggested that the o-phase is an example 
of close sphere packing. This suggestion is im- 
portant since any close packing arrangement 
could conceivably alter the electronic constitution 
of the pure components considerably, thus making 
any estimate of the effective valence quite difficult. 
The a«-Mn phase is a cubic structure which is 
closely related to the o-phase. SHOEMAKER ef 
al.2,13) have suggested that «-Mn is merely a 
high or low temperature modification of the 
o-phase, which is generally unstable. 

The o and «-Mn structures formed by transition 
elements were studied extensively by GREENFIELD 
and Beck"), who found many examples of these 
structures in binary systems containing a Group 
5 or Group 6 metal as one component and a metal 
from Groups 7, 8, 9, and 10 as the other com- 
ponent. RauB"®) has illustrated the formation of 
the o-phase between Group 6 and Group 8 as 
shown in Fig. 1. Besides the o and B-W com- 
pounds which occur in these systems, the e¢ 
hexagonal solid solution investigated by MaTTHIAs 
is also present. Note the manner in which the o 
composition shifts from one binary system to the 
next. This shifting of composition has led to the 
suggestion that the o-phase is an electron com- 
pound. 

Nevitr and Beck"®) found that most of the 
binary o phases containing Mn, Fe, Co, Ni or Cr 
as one constituent were ferromagnetic. For this 
reason our superconductivity tests were confined 
to the o phases formed by Nb, Mo, ‘Ta, and W as 
one constituent and Ru, Rh, Pd, Re, Os, Ir, and 
Pt as the other. The majority of starting com- 
positions were taken directly from GREENFIELD 
and Beck’s work,"4) although we also employed 


Nevitt and Downey’s“?) data for osmium and 
iridium compounds. All of the reported o and 
a-Mn structures were tested for superconductivity 
down to 1°K. 
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Fic. 1. Sigma phase formation between Group 6A and 


Group 8A. 


II. EXPERIMENTAL DETAILS 


The o and «-Mn samples were prepared from 


starting materials containing less than one-tenth 
of one per cent total metallic and gaseous im- 
purities. An arc furnace was used for preliminary 


melting. Homogeneity and subsequent phase 
formation were accomplished by annealing the 
samples in a specially constructed water quenching 
tube furnace. Annealing temperatures up to 1500°C 
were employed for periods of 100-150 hr at an 
average pressure of 3 x 10-6 mm Hg, after which 
the samples were quenched in water to room tem- 
perature. X-ray analysis was then performed to 
ensure formation of the appropriate phase. In 
some cases preparations had to be repeated at 
several compositions different from those reported 
in the literature in order to achieve samples which 
were predominantly of the desired structure. 

The samples were tested for superconductivity 
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in an apparatus similar to that used for earlier 
studies on transition metal compounds by Harpy 
and Hutm."8) Further details on the apparatus, 
superconducting measurements, starting materials, 
melting and annealing techniques are given in 


another paper. “4 


III. RESULTS AND DISCUSSION 
The o phases investigated by us are shown in 
Fig. 2. The phases are labeled F, (ferromagnetic), 
S, (superconducting) and N, (normal to 1°K). 
The ferromagnetic Curie temperatures were taken 
from the work of Nevitr and Becx"®). 


Fic. 2. Sigma phases tested for superconductivity. 


The shaded regions are those systems in which, 
on the basis of careful tests, the o-phase is appar- 
ently not Question marks represent 
systems which have not been examined or where 
the data are to 
formation. Fifteen of the known o phases were 
found to be superconducting with the transition 


formed. 


insufficient rule out o-phase 


temperatures shown in Fig. 2. 
The four known «-Mn structures formed within 


the binary combinations of Fig. 2 were also in- 
vestigated. All were found to be superconducting 
above 1°K with transition temperatures as follows: 


Nominal 


composition 


ResMo 


Te(°K) 9-89 


Reo s2Nbo 18 


8-89 
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The superconducting transition temperatures of 
the o and «-Mn phases are plotted in Fig. 3 against 
the average number of valence electrons per atom 
calculated from the actual compositions of the 
compounds. 

The transition temperatures of the known B-W 
compounds are plotted on the same diagram for 
comparison. While there is considerable scatter 
in the experimental points, Fig. 3 definitely gives 
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Fic. 3. Superconducting transition temperature as a 
function of the average number of valence electrons per 
atom. 


an impression that for the three systems of com- 
pounds as a whole there exist maxima in 7; at 
approximately 4-5 and 6-5 valence electrons per 
atom. At the same time a minimum of T, or even 
normal behavior occurs midway between the 
peaks and also on the upper side. The positioning 
of the two maxima is somewhat different from the 
abscissa values of five and seven electrons per atom 
originally proposed by Matruias"), but is in good 
agreement with data on solid solution alloys 


ResTa ResW 


9-00 
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and in the case of the upper peak with the data of 
CHANDRASEKHAR and Hutm"®) for uranium com- 
pounds. 

In Fig. 4 the transition temperature of many of 
the superconducting o phases is plotted against 
the unit cell volume calculated from our determina- 
tion of the individual lattice parameters. It is 
surprising to us that a monatomic relationship 
apparently exists between 7’, and cell volume, a 
relationship which is, moreover, quite different 


perature 
emperoture 








Fic. 4. Superconducting transition temperature vs. 
unit cell volume, sigma phases. 


from the 7.—volume relationship obtained from 
studies of the variation of 7’, with hydrostatic 
pressure. In the present case 7’, decreases with 
increasing volume varying approximately as the 
90th power of V. This is in direct contrast to the 


pressure experiments, where in most cases 7, 
decreases as the lattice is compressed and varies 
at a much lower rate, usually around the 10th 


power of volume. 

We do not yet have a satisfactory explanation 
of the 7.—volume relationship of Fig. 4. It is 
tempting to dismiss the effect as a mere coincid- 
ence arising from the interdependence of the 
volume of the unit cell and the average number of 
valence electrons per atom. If such an interde- 
pendence really exists, it would appear to establish 
that the o-phase is not one of the so-called 
“electron compounds’’. In such compounds there 
is supposed to be a fixed relationship between the 
Fermi surface and the Brillouin zone such that 
the average number of valence electrons per atom 
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remains fixed in spite of changes in the value of the 
unit cell. 


IV. CONCLUSION 

Our study of the occurrence of superconductivity 
amongst the o-phase and «-Mn structures in- 
dicates that these compounds show a dependence 
of transition temperature on valence 
electron number similar to that found by MATTHIAS 
for the B-W system. In the o-phase case a well- 
defined peak in 7, occurs at about 6-5 valence 
electrons per atom with a minimum of 7, or 
normal behavior on either side of the peak. The 
correlation is a rough one which breaks down in a 
few cases and does not allow an exact prediction 
of Te. 

The correlation between 7’, and average number 


average 


of valence electrons suggests to us that the d-band 
has the same general shape for the majority of 
transition metals and possesses, moreover, at 
least three well-defined maxima. This general 
shape is apparently preserved not only in the 
formation of solid solution alloys, for which the 
MATTHIAS correlation is successful, but also in the 
formation of intermetallic compounds such as the 
o phases studied in the present work. 
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Abstract—Concentrations of F-centers in excess of 101*/cm® have been produced in single crystals 
of LiH by neutron irradiation at 78°K. The ESR absorption of the F-centers has been observed at 
g = 2-004 + 0-001. The saturation parameter of the ESR absorption (7172)? is close to that for 
F-centers in KC]. From r.m.s. line width measurements on LiH crystals of various isotopic com- 
positions (Li’H, Li’D, Li®H and Li®D), spin densities of the F-center electron at the Lit and H- 


sites have been estimated. 


INTRODUCTION 


THE PARAMAGNETIC resonance of F-centers in 
alkali halides has been studied extensively,“~®) 
but electron spin resonance (ESR) absorption in 
irradiated LiH has been reported only for colloidal 
Li metal centers."?) In paper II of this series, ‘) 
optical evidence for the existence of the F-center 
in irradiated LiH was described, although the 
energy of the F band is anomalous in terms of the 
Ivey relation for the alkali halides. The purpose of 
investigating the paramagnetic resonance spectrum 
of irradiated LiH was threefold: (1) to confirm the 
assignment of the / band in the optical spectrum 
through the special properties of the F-center 
resonance ; (2) to estimate the electron spin-density 
function at the nearest neighbor ion sites through 
measurements on crystals of different isotopic 
compositions; and (3) to detect, if possible, any 
additional color center species such as U- or 
V-centers. 

The F-center resonance 
saturated, but the line width is independent of 
concentration and power level. ‘The vacancy model 
of the F-center, which has been well established 
by the angular dependence of double resonance 
measurements, :6) accounts for the Gaussian line 
shape and width of the resonance through the 


absorption is easily 





* W ork performed under the auspices of the U.S. 
Atomic Energy Commission. 


nuclear hyperfine interaction of the F-center 
electron with the nearest-neighbor nuclei.@) For 
the alkali fluorides LiF and NaF, the hyperfine 
structure has been partially resolved although 
there is not complete agreement on the inter- 
pretation of this structure.) Even its assign- 
ment to the F-center has been questioned.) 

In LiH the observation of the F-center resonance 
is not hindered by the presence of other para- 
magnetic color centers, such as M- or V-centers 
or trapped hydrogen atoms, with the exception of 
Li metal colloid centers. The latter are not pro- 
duced in significant quantities when LiH is 
irradiated below 80°K, whereas irradiation at 
room temperature yields only the colloid center 
resonance. '?) The species H>, corresponding to the 
V-center in the alkali halides, and atomic hydrogen 
appear to be unstable with respect to the formation 
of Hein LiH at 77°K. Failure to detect a significant 
variation in the mean-square line width for various 
neutron dosages is interpreted as evidence that the 
ratio of M-centers to F-centers is rather small, in 
contrast to Lorp’s observations on LiF, where 
ratios close to unity were obtained. “°) 

The absence of resolved hyperfine structure 
in the F-center resonance in LiH has made it 
necessary to study isotopic effects on the line 
width in order to estimate spin densities at the 
nearest neighbor Li+ and H- sites. For this reason 
crystals of Li®D and Li®H were studied as well 
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as normal LiH, and measurements on Li’D were 
included as a check. The ratios of the hyperfine 
fields due to the _ nearest-neighbor nuclei 
h(Li’)/h(Li®) and h(H)/h(D) are especially favorable 
for this study, being 2-64 and 6-52 respectively, 
where h is defined by 


(1) 


\ 


except for small angular terms") which are shown 
below to be negligible. Here p;4 is the magnetic 
moment of nucleus 7, ge is the electron spectro- 
scopic splitting factor, J; is the spin of nucleus 7 
and ¢& (i) is the value of the normalized F-center 
wave function at the nucleus z. Following Kip 
et al.,'2) the external fields at which resonant 
absorption occurs for a constant frequency v are 


given to first order by: 


Ho = (Iw |geB)— > hil, (2) 


t 

where f is the Bohr magneton, J; is the net com- 
ponent of the nuclear spin in the direction of the 
field due to the ith shell of equivalent nuclei 
surrounding the F-center. For a cubic array of 
spins, one finds that the average value of h; over 
all spin arrangements with a particular value of 
If is isotropic with respect to the external field 
Ho. The shape of the absorption line depends on 
the populations of the various J; states and is 
approximately Gaussian, the mean-square width 
being given by 


(AH)? ay 


i > > hi Tig(Lij + 1) 


i j 


(3) 


where the summation is over the j equivalent 
nuclei in the 7th shell.°) The desired spin-density 
functions |:/(Li)|? and |:/(H)|* used in equation (1) 
are thus obtainable from the mean-square width 
through equation (3). 


EXPERIMENTAL PROCEDURE 

1. Preparation of crystals 

The detailed procedure for the growth of LiH 
crystals has been described in Paper I of this 
series, 8) The single crystals were of optical quality 
except for Li®D, which was prepared by recrystalli- 
zation of a previous product, resulting in a slightly 
cloudy crystal due to LigO inclusions. 


and F. E. PRETZEL 
2. Neutron irradiation of crystals 

The resonance line-width measurements were 
made on samples which were irradiated in the 
external beam of a 5 megawatt reactor at a flux of 
4x 109 n/cm? sec. In order to detect any thermally 
unstable paramagnetic color centers, the irradia- 
tions were carried out at 78°K in an aluminum 
microwave cavity mounted in a metal dewar, the 
lower portion of which was also aluminum. In this 
way the crystals were kept at constant temperature 
and undisturbed throughout the procedure of 
neutron irradiation and resonance measurement. 
Since the absorption half-thickness due to the 
large thermal neutron cross-section of Li® was 
only about 0-10 mm in Li®H, the crystal plates 
containing enriched Li® were about 1 mm thick, 
an amount sufficient to absorb essentially all of the 
resulting «-particle 
fragments. The crystal plates containing natural 
Li were about 2 mm thick or less than two half- 
thicknesses, 


neutrons and triton and 


It was also found possible to produce F-centers 
by other techniques. The F-centers produced at 
78°K were relatively stable even at room tem- 
for short periods of time, so that 
irradiated crystals could be transferred in inert 


perature 


atmosphere boxes to the microwave cavity or 
optical crystal mount for measurements at low 
temperature. Over a 15 min period at room tem- 
perature, the F-center concentration decreased 
only about 50 per cent and much more slowly 
thereafter. Advantage of this stability was taken 
in order to observe both optical and paramagnetic 
resonance absorption on the same crystal before 
and after optical bleaching with F-band light. For 
this purpose crystals were irradiated near 80°K 
by projecting samples through the core of the 
reactor a number of times inside Nylon capsules 
which were cooled in liquid nitrogen between 
each pass through the reactor. 

A more time-consuming technique consisted 
of synthesizing the crystals with small amounts of 
tritium and storing them in liquid nitrogen for 
weeks or months, but small concentrations of 
colloid centers and other unidentified centers were 
simultaneously produced by this method. 


3. Paramagnetic resonance measuremnets 
The F-center ESR absorption was measured 
with a spectrometer operating at about 9460 Mc 
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with frequency stabilization. The spectrometer 
was a reflection cavity type using a magic-tee 
bridge, crystal detection (MA 408B video de- 
tectors) and optimum microwave bucking. ‘The 
frequency was stabilized on the sample cavity 
which operated in the TEj;; mode and had a QO 
of about 5000 with the average sample. ‘The power 
reflected from the cavity at resonance was balanced 
with respect to phase of the bucking power re- 
flected from the opposite arm of the magic-tee 
but was slightly unbalanced in amplitude to give 
a signal proportional to absorption or the imaginary 
component of the susceptibility when the magnetic 
field was swept through the resonance value. ‘The 
derivative of the absorption signal with respect to 
the field was recorded by modulating the magnetic 
field at 280 c/s by means of separate coils on the 
magnet pole faces. The magnet had a 2-0 in. gap 
with 8-0 in. pole faces truncated to 4-0 in. at the 
gap. The field was regulated to + 0-1-0-2 G and 
was scanned linearly over about an 800 G or less 
range, which covered the F-center resonance as 
well as the resonance of an intensity reference of 
CuSQOyq - 5H20, the scanning rate in G/in. for the 
recorder charts was measured by means of a proton 
resonance magnetometer, and g values were deter- 
mined by measuring the field deviation from 
hydrazyl with g = 2-0037 at a known frequency. 
The cavity frequency was measured with a cali- 
brated cavity absorption type wavemeter. 

Saturation measurements were made 
large range in power level up to 200 milliwatts by 
comparing the /-center ESR absorption derivative 
intensity with that of the CuSO4 - 5H2O standard 
with the modulation amplitude and other gain 
adjustments held constant. The microwave power 


over a 


incident on the cavity was measured with a 
Hewlett-Packard Model 430 C Microwave Power 
Meter using a precision directional coupler. 


F-CENTER RESONANCE 

The production of F-center concentrations in 
excess of 1017/cm* in LiH crystals required rather 
large neutron doses compared to LiF, usually 
1012n/cm? or more. Concentrations of this 
magnitude were necessary in order to obtain good 
signal-to-noise ratios for the limit of 10 G or less 
modulation amplitude used to avoid distortion of 
the line shape. On the other hand, doses greater 
2x10!2n/em? produced a 


than troublesome 
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quantity of free radicals in the minute amount 
of cement employed in mounting the crystal 
specimens in the microwave cavity since the 
F-center production was not linear with neutron 
dose in this concentration range. The free-radical 
ESR absorption was scarcely detectable at the low 
microwave power levels used in the line-width 
measurements, although a small correction was 
usually made by saturating the F-center ESR 
signals and estimating their intensity relative to the 
CuSO, - 5H20 standard at a relatively high power 
level where the free-radical signal was essentially 
unsaturated. This procedure also corrected for 
the colloidal Li metal resonance which frequently 
20023. 
The free-radical ESR absorption consisted of 
two rather narrow peaks (~ 10-15 G maximum 


appeared in detectable amounts at g = 


slope width) and was observed only in the normal 
Li crystals for which the doses were 3-4 times 
greater than for the enriched Li® crystals on ac- 
count of the radiation damage being related to the 
Li® (n,«) reaction. One of these peaks was located 
the the 
G 2-002 and was indistinguishable from the 
colloidal Li metal peak, while the other peak was 
about 110 G on the low-field side of the F’-center. 


near center of F-center resonance at 


The saturation characteristics of the F-center 
ESR absorption were studied by measuring in- 
tensities relative to a CuSO4°-5HeO standard 
over a 1000-fold range of power level. Consider- 
able variation of the saturation curve vs. microwave 
power among different samples was noted, but it 
was not possible to establish a dependence of 
relaxation time on concentration of /-centers due 


to (1) the limited concentration range available 


and (2) the difficulties in estimating absolute con- 
centration from one sample to another because of 
the effect of sample geometry with respect to the 
variation of Hj, in the cavity. However, the longest 
relaxation time was observed in a sample with a 
high F-center concentration. The effect of bleach- 
ing the samples with green F-band light was 
particularly noticeable in saturation measurements. 
Bleached samples always saturated less readily 
than the same samples before bleaching, suggesting 
that F centers with longer relaxation times were 
preferentially bleached. This interpretation was 
also supported by other evidence. The saturation 
curves on bleached samples departed appreciably 
from the expression given by Portis". 
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(4) 


W. 


S(wo,Hi) = (14+-1/4,°H3T1T2)? 


When log (S~2—1) is plotted vs. log P/Pmax, where 
P is the incident power on the cavity and Pmax is 
the maximum incident power, one obtains a slope 
of unity for a sample having F-centers with 


uniform relaxation times 7) and 7». If the product 
T,T2 is not uniform, there will exist a region of 
P/Pmax Where log (S-?—1) vs. log P/Pmax has a 
slope less than unity. Slopes of 0-8-0-9 were 
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Pax is obtained from the relationship below for 
the TEj,;-mode cylindrical cavity. 


4QoP(1 —|P'|?) 


11 —1/X2 (1 4X2 [h2R2) 20X02 

vV(1 —1/X7, (1 +7, /p?2R2) J5 (X11) 
where Qo is the unloaded or internal Q of the 
cavity, P is the incident power on the cavity, I’ is 
the voltage-reflection coefficient of the cavity, v is 
the resonant frequency of the cavity, V is the 


DUE TO Cu** STANDARD 


dX/dH CORRECTED FOR FREE RADICALS 


Fic. 1 


of the F-center 


obtained on bleached crystals. It was further ob- 
ions con- 


after 


served that a crystal doped with Mg 
tained the F-cente 
irradiation and the longest relaxation time, yet it 


was easily bleached until the remaining F-center 


largest concentration 


concentration was undetectable (less than 2 per cent 
of the initial F-center concentration). 

The mean value of the relaxation time product 
(7, T2)'/* was estimated from the average intercept 
of log (S~?—1) vs. log (P/Pmax)* curves for several 
samples. The intensity of the linearly polarized 
microwave magnetic field H, corresponding to 


The derivative of the paramagnetic resonance absorption 
in Li’H at 78°K. 


volume of the cavity, Ji(X) is the first-order Bessel 
function, X}; is the first root of the derivative of 
the first-order Bessel function Ti = 0, p equals 
7/2, and R is D/L, the ratio of diameter to length 
of cavity. 

The value of (7)/72)'/2 is approximately 1 x 10-5 
sec in LiH at 78°K. However, the variation in 
(T;/T2)'/2 among different specimens was about 
()-3-3 x 10-5 sec. If 7)T2 is assumed to vary in- 
versely with the temperature, the value 1-5 x 10~° 
sec is estimated for KCl at 78°K from the data 


of Portis"). 
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Measurements of the mean-square line width 
from the recorded derivatives of the absorption 
intensities dX’’ (corrected when necessary for 
impurities) vs. H were made by numerical double 
integration. The first integration gave the ab- 
sorption intensity X” as a function of H. ‘The mean- 
square width was then obtained from the ratio of 
the integrals [X""H°dH to JX'dH. The average 
values of the mean-square line width for 2-5 
absorption curves on each isotopic composition 
are presented in Table 1. A typical F-center 
absorption derivative dX”’/dH vs. field curve is 
shown in Fig 1 for a crystal of nominal composition 


Li‘H. 


Table 1. Root-mean-square line widths of the F- 
center resonance in LiH of various isotopic com- 
positions. 


Li’H Li’D Li‘H Li®D 


Isotopic com- | 
position 

R.M.S. width 
(G) 


30°6 10-1 


The most reliable value of the splitting factor 
g = 2-004 + 0-001 was measured on a crystal of 


Li6D, which had the least line width and in which 
the impurity correction resulting from free-radical 
formation in the sample cement was _ nearly 
negligible. 


IDENTIFICATION OF THE OPTICAL F BAND 

Two intense optical absorption bands at 2-4 eV 
and 3:5 eV are formed in LiH crystals subjected 
to neutron irradiation at low temperature. ‘The 
properties of these bands are described in some 
detail in Paper II, in which the 2:-4eV band is 
called the F band and the 3-5 eV band is called 
the V; band. Low temperature bleaching experi- 
ments have shown that both bands disappear 
together—presumably because of the mutual 
annihilation of the responsible F- and Vj- centers; 
however, significant intensity differences are ob- 
tained when bleaching occurs at high temperatures 
because of the different rates at which the F- 
centers aggregate to form M-centers and colloid 
and the Vj-centers produce higher V-centers. 
Another way to differentiate between the two 
optical absorption bands is to bleach a crystal 
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containing an electron-trapping impurity to accel- 
erate the relative rate of the destruction of F- 
centers during bleaching. Both of these methods 
have been used to identify the F band by com- 
parisons between the bleaching of the two optical 
bands and the F-center ESR observed in the 
crystals. 


a 
°o 


ABSORPTION COEFFICIENT (cm™') 
> 
oO 


) 
°o 


“50 40 3.0 
ENERGY (eV ) 
Fic. 2. Optical absorption bands formed in a Mg-doped 
LiH crystal exposed to 9x10!%n/cm? at 80-200°K. 
Upper spectrum taken after irradiation was too dense for 
direct measurement beyond 2:1 eV; the dashed portion 
was obtained from a thinner specimen from the same 
crystal. Lower spectrum was taken after a 10 min ex- 
posure to F light in the cavity at 300°K and the second 
ESR measurement. Both spectra were recorded at 80°K. 


The procedure used in each experiment in- 
volved the low temperature neutron irradiation of 
crystals of “‘pure” and Mg-doped LiH in a 25 kW 
homogeneous reactor according to the procedure 
given in Paper II. Exposure to 9x 1013 n/cm2 
generally produced (1-3) x 101? F-centers in the 
10 x 8x 1mm samples irradiated. After exposure 
the crystals were first mounted for optical ab- 
sorption measurement and then transferred to the 
cavity with a CuSOq « 5H2O intensity standard for 
ESR measurement. The crystals were bleached 
with F light from a filtered microscope lamp 
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focused on the sample inside the cavity for 5 to 
10 min at ~ 300°K. In two cases the second ESR 
measurement was made before the sample was 
removed from the cavity for optical absorption 
measurement, but in one case of a “pure” LiH 
crystal the optical absorption measurement was 
made before the final ESR measurement. 

In the first experiment with a “‘pure”’ LiH crystal 
the optical results compare to those given in curves 
“a” and “‘c”’ Fig. 2 in Paper II. There is not much 
evidence of a 2-4eV in the 
bleached spectrum, but a detailed analysis of the 
curve using the characteristics of the optical bands 


significant band 


reported in Paper II showed that as much as } of 
the original 2-4 eV band remained after bleaching, 
whereas about } of the original 3-5 eV band re- 
mained. The ESR measurement made later showed 
that only ;4, of the F-centers remained after re- 
mounting the sample in the cavity. Although the 
agreement of ESR result with the 2:4 eV band is 
closer than with the 3-5 eV band, the uncertainties 
involved in the comparison are too large for con- 
clusive identification of the F band. The experi- 
ment was repeated on another LiH crystal with 
variations in procedure, but the result was similar. 
The analysis of the curves from both of these 
bleaching experiments shows one important point, 
however, in that the absorption by the colloid, 
M, Vo, bands and at 4:5 eV on the tail of the 
fundamental absorption band rose during the 
bleaching experiments. Since only the F-center 
ESR and the 2-4 eV and 3°5 eV bands decreased 
during the bleaching, the possibility that any 
other optical absorption might be the F band is 
eliminated. 

A large difference between 2-4eV and 3-5 eV 
band intensities can be obtained by bleaching 
colored Mg-doped LiH crystals as illustrated in 
Fig. 9 of Paper II. The results of a study using a 
LiH+0-1 MgHe 


2. The optical absorption 


neutron-irradiated per cent 
crystal are shown in Fig. 
of this crystal was extremely intense 
bleaching and could only be followed to 2-1 eV, 


but the curve was completed from the spectrum 


before 


of a thinner section from the same crystal. The 
initial spectrum corresponds to about 3x 1018 
centers/cm* under the 2-4 eV band and a somewhat 
higher concentration under the 3-5 eV band; a 
correspondingly intense F-center ESR was ob- 
served in the sample. After exposure to F light for 
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10 min at 300°K, the F-center ESR in the samples 
fell below the limit of detection which was esti- 
mated as 1/25 of the original intensity. ‘The second 
spectrum of Fig. 2 with a maximum at the 3-5 eV 
band and a shoulder at the 1-9 eV colloid band was 
obtained soon after the ESR measurement. Con- 
tinued bleaching removed the 1:9eV band and 
produced a reduction in the 3-5 eV band, but 
demonstrated the absence of a significant 2-4 eV 
band more clearly. Analysis of the spectrum ob- 
tained after bleaching showed that the remaining 
concentration of centers responsible for the 
3-5 eV band was at least 5-0 x 10!7/cm? (about 1/6 
of the original) compared to an estimated maximum 
concentration of 0-65 x 10!"/cm® centers respon- 
the 2-4eV 1/50 of the 
original concentration). 

These results provide conclusive evidence that 
the 2-4eV band is associated with the F-center 
ESR and that it is properly designated as the F 
band. No ESR absorption has been found to corre- 
spond to the centers responsible for the 3-5 eV 
band in this crystal or in others reported in Paper 
II; therefore, we that the electron- 
deficient center responsible for this band is dia- 
magnetic. We have the 3-5eV band a 
V, band in accordance with the model proposed 
by Kanzic WooprurF"?) of a Vj; center 
consisting of a molecule trapped at an anion site. 


sible for band (about 


conclude 

called 

and 
DISCUSSION 

The spin-density functions |y(Li)|* and |(H)/* 


are obtained by applying equation (3) to the mean- 
square width data of Table 1. For the four isotopic 


compositions one obtains the following relations 


between the spin densities and the mean-square 
widths: 
Li7H <(AH)? Day 
1287282N[16-46|y(Li)|4 + 46-80|(H)|4]/9 
Li8H <(AH)? >a, 
12872B2N[2:249|y(Li)|4+46-80|y(H)|4]/9 
Li?D <(AH)? day 
1287282N[16-46|y(Li)|4 + 1-470|y(H)|4]/9 
Li6D <(AH)2 day 
= 1287282N[2:249|y(Li)|4 + 1-470|4(H)|4]/9. 
(6) 
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The factors associated with the spin densities in 
equations (6) are u?(1+1)/J, where p is the nuclear 
moment in nuclear magnetons. The mole fractions 
of the Li isotopes differed appreciably from 100 
per cent, so that (p?>ay = w(Li®)f(Lis)+ 
p?(Li’)f(Li’), f being the mole fraction of a parti- 
cular isotope. The Li isotopic compositions used 
in preparing the crystals were 92-6 per cent Li’, 
7-4 per cent Li® and 5-5 per cent Li’, 94-5 per 
cent Li’, The three pairs of spin-density solutions 
from the first three equations in (6) are fairly close 
together, and we have chosen their mean values 
\s(Li)|? = 0-118 x 1024/cm and |y¥(H)|? = 0-025 x 
10?4/cm? as the best fit of the experimental data. 
The agreement obtained from the fourth equation 
is poor only for |¥(H)|? and results in part from the 
fact that the width ratio Li?D:Li®D is rather in- 
sensitive to this parameter and in part from the 
greater experimental error in the Li®D width. 

The value of |(H)|? is of particular interest 
since it is lower by a factor of 6 than the most 
recent results of HOLTON et al.) for |%(F)|? in 
LiF. This decrease in ||? at the anion site is ex- 
pected from an F-center wave function of the type 
proposed by Gourary and AprIAN!8) on account 
of the additional terms B; yy for the F~ 2s and 2p 
electrons in their equation (54). Lorp’s much 
smaller value of |(F)|2 is not consistent with 
our value of |;s(H)|? for this F-center wave function. 
A calculation of |(H)|? for the Gourary and 
ADRIAN wave function was not attempted because 
the expansion of the overlap integral used by 
them is a very poor approximation for the H- 
ion. 

The value of g = 2-004 + 0-001, while larger 
than ge = 2-0023 by more than the estimated 
limit of error, differs from Lorp’s value") for 
LiF, g = 2-:0029 + 0-0001 by no more than the 
experimental error. The result of WoLca and 
STRANDBERG"4) on LiF on the other hand is 
g = 1-987 + 0-0004. A small part of this dis- 
crepancy was found to arise from the difference in 
the second-order corrections to g applied by these 
authors. This has led us to re-examine the second- 
order correction. It is believed that both of their 
estimates of this correction are in error, that of 
Lorp being too small by the factor 6-2 and that of 
WoLGA and STRANDBERG being too large by the 
factor 5-8. The latter authors assumed J = 9 in 
their term +1)—17}, whereas this represents 
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the total J for only 19 of the 4096 nuclear spin 
states for six nearest neighbor nuclei with in- 
dividual J = 3/2, the average value of J(J+1) 
being 15-4 rather than 90. In Lorp’s expression 
the second-order term was summed over only one 
nucleus rather than all six. 

The proper second-order correction can be 
obtained if we set up the energy matrix in the 
representation Ms, mj, ..., mg, which are the 
individual magnetic states of the F electron and 
nearest neighbor nuclei. All non-diagonal elements 
for Ho along z will be zero in this representation 
for <M, +1, m F 1, |. S-I| Me, 


. The frequencies to second order in 


except 
ee 
(h(Li)/Ho] for the allowed transitions AM, = + 1, 
Am, = 0 are given by 
6 
hw 2, BHof1 + 4 (h; Ho)m; + 
6 
> (hi/ Ho)? + 1) —m?]/2}. (7) 


i 


To obtain the second-order correction to g for 
Li?H, however, the second-order term in (7) must 
be averaged over all 580 nuclear states correspond- 
ing to Sm; = 0. For Li? with J = 3/2, the factor 
‘TI I)—m? av for these states is 15-4. 

The from 
hydride ion nuclei can be found by extending 
the summation in (7) to the shell of twelve nearest 


second-order correction to g the 


hydride ions. For all isotopic compositions of LiH 


the total second-order correction to g is considerably 
less than the experimental error + 0-001. For 
LiF the total second-order correction, however, 
is —0-0011 based on the recent measurements 
of HoLTon ef al.,) which reduces even LORD’s 
value for LiF) to g = 2:0019. Unless one attaches 
special significance to Hype’s value of g = 2-007, 
ADRIAN’s interpretation of the positive Ag for 


LiF“5) seems unnecessary. 
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Abstract—The production of suitable InAs—InzTe3 alloys by annealing and by directional freezing 
methods is considered and the relevance of the second method to the phase diagram of the system 
is discussed. The results of measurements of Hall effect, conductivity, thermoelectric power and 
infra-red absorption are given for the whole composition range, and values of carrier density n, 
mobility » and optical energy gap Ey are obtained. It is seen that the behaviour is similar to that of 
InSb-IngTes alloys in that the InAs rich alloys are highly degenerate having 7 ~ 5 X10!9/cm? and 
explanations of this behaviour in terms of solubility of tellurium in InAs or of the band structure of 
InAs are discussed. The variation of «1 with composition and hence possible scattering mechanisms 
and types of conduction occurring in the alloys are considered. Assuming certain scattering effects, 
attempts are made to use the values of thermoelectric power in conjunction with the measured values 


of Eg to determine the variation of intrinsic energy gap throughout the composition range. 


1. INTRODUCTION 

InoTes has a defect zinc blende structure with one 
lattice site in three on the A sub lattice vacant, (or 
alternatively a defect antifluorite AgB structure 
with two lattice sites in three on the A sub lattice 
vacant"). ‘Thus, when IngT eg is alloyed with a 
normal A!IBY zinc blende type compound such 
as InSb or InAs, the resulting alloy will have some 
A sub lattice sites vacant, the exact fraction being 
determined by the composition of the alloy. The 
electrical properties of such alloys may therefore 
be of interest in that a controlled number of 
lattice vacancies can be introduced into the alloy. 

In a recent paper®) the properties of alloys 
formed by solid solution of IngTeg in InSb have 
been discussed. In that case the range of com- 
position available to measurement is limited to the 
available range of solid solution of approximately 
15 mol. per cent IngTes* for alloys annealed close 
to the solidus of the system. As has been shown 
previously) in the case of the InAs—IngT eg 





* In calculating mol. percentage in systems composed 
of one Al'BY one Ag!!! B3V! 
pound, the molecules have been taken as A3!'B3% 
and Ao"'Bs¥!, i.e. the percentage is strictly the per- 
centage of BY and BY! atoms on the B sub lattice. 


compound and com- 


system solid solution is obtained throughout the 
whole range of composition. Thus the limitations 
of the InSb—IngTeg system do not apply in this 
case and hence it is possible to investigate the 
variation of the various semiconductor parameters 
over a much wider range of composition and to 
investigate the gradual transition from the normal 
type semiconductor InAs to the defect structure 
IneTes. 

The present paper reports an investigation of 
some properties of this alloy system. The alloy 
system GaAs—GagSeg3 should show similar be- 
haviour®) and recently NASLEDOV and FELTIN’sH® 
have reported electrical measurements on these 
alloys. Unfortunately, 
ductivity and thermo-electric power only and not 
of Hall effect were made in this work and so the 
usefulness of the results is somewhat limited, as 


measurements of con- 


separate values of number of carriers and mobility 
cannot be determined. 


2. PREPARATION OF SPECIMENS 
The Ing Teg was prepared from indium of 99-999 
per cent purity and commercial high purity tellu- 
rium which had been purified by repeated distilla- 
tion. Some of the initial measurements were made 
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on specimens using InAs of rather high carrier 
concentration, but the InAs used in the majority 
of the work was of good purity having approxi- 
mately 3 x 1016 carriers/em*. Some of the alloys 
were prepared from the two compounds by melting 
together the required amounts under vacuum, 
the resulting ingots then being annealed at a suit- 
able temperature to obtain a good equilibrium 
condition. The annealing temperatures lay in the 
range 650°C to 800°C, the actual value in each 
case being determined by the composition of the 
alloy concerned. As has been shown previously 
there is evidence of a closed miscibility gap 1n this 
system, and hence it was necessary to anneal each 
alloy at a temperature above the miscibility gap 
limit but below the 
curves having as yet been accurately determined. 


solidus, neither of these 
The majority of the specimens were annealed for 
some 6 or 7 weeks and X-ray photographs then 
showed that good single phase conditions had 
been attained in all alloys except those lying in the 
range 10-35 mol. per cent IngTes, where a blurring 
of the lines in the X-ray photograph showed that 
even after this time of annealing these particular 
alloys were still partly inhomogeneous. 

It had already been noted during the initial 
X-ray work®) that it was very difficult to attain 
equilibrium with alloys in this composition range 
and the results in that case were based on slightly 
inhomogeneous alloys. The results obtained during 
the present work tend to indicate that the mean 
lattice parameter curve shown previously®) is 
probably too high in this range but is correct 
beyond 35 mol. per cent IngTeg. This will be 
discussed elsewhere when further crystallographic 
work has been carried out. 

A second method used to produce suitable alloys 
was to directionally freeze a suitable ingot. This 
technique has been very useful in alloys of two 
AIIIBVY compounds) since, provided the rate of 
freezing is sufficiently slow to obtain good equili- 
brium conditions, the alloy composition varies 
continuously along the ingot giving a useful range 
of composition in a single ingot. The problem in 
the case of InAs—IngT'eg alloys was that the appro- 
priate section of the ternary diagram As—In—Te 


is not truly pseudobinary as shown by the behaviour 


in the miscibility gap and therefore it was not 
certain that sections cut from the directionally 
frozen ingot would be alloys on the InAs—IngTeg 
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section of the ternary diagram. Nevertheless an 
ingot of length 17cm and mean composition 
66 mol. per cent IngTe3 was directionally frozen 
so that there was a temperature gradient of approxi- 
mately 5°C/cm. along the ingot and the freezing 
surface travelled along the ingot at about 
1-5 cm/day. Sections were taken from positions 
at 1-7, 5-0, 14-0 cm along the ingot and chemically 
analysed, and these were found to have com- 
positions of the form xIngAsg (1 —)IngTe3 within 
a limit of 1 per cent. Also sections from various 
points along the ingot were X-rayed and found to 
show the zinc blende structure associated with 
InAs—IngTeg alloys.%) It was therefore assumed 
that the solidus—liquidus area of the InAs—IngTeg 
system shows pseudo-binary behaviour and that 
all cross sections cut from the ingot represented 
stoichiometric InAs—IngTeg alloys. Such sections 
were used for measurements, the composition of 
the section being found by determining the lattice 
parameter and comparing this with the previous 
results for this system“) and with the chemically 
analysed specimens mentioned above. In some of 
these sections the high angle X-ray lines were 
found to be just split into two lines indicating that 
some sections of the ingot had cooled into the top 
of the closed miscibility gap. This effect appeared 
to be quite small, however, and the results from all 
specimens were found to be in good agreement with 
those obtained from the lump annealed ingots. 


3. METHODS OF MEASUREMENTS AND 
RESULTS 

Conductivity and Hall coefficient were investi- 
gated for alloys of various compositions. For alloys 
containing than per cent IngTeg 
measurements were made over a range of tem- 
perature from liquid air to room temperature, 
while for alloys with more than 50 mol. per cent 
IngTeg the conductivity became so low at low 


less 50 mol. 


temperatures that only room temperature measure- 
ments were The the 
measurements were the same as those described 
previously for the InSb—IngT eg alloys.) Optical 
measurements were also made on all alloys to 
determine the value of optical energy gap Fy at 
room temperature and again the method was the 


made. methods used for 


same as described previously. ? 
For alloys of less than 70 mol. per cent IngTeg 
measurements were made of thermoelectric power 
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over the temperature range from liquid air to 
room temperature. A conventional apparatus was 
used for these measurements, the temperature 
gradient being produced by means of a heat 
source consisting of a heating coil wound on a 
solid copper cylinder and coated with alumina and 
a heat sink in the form of a copper block. On either 
side of the specimen and insulated from both 
source and sink by thin sheets of mica two copper 
electrodes were placed. Set into these were two 
calibrated chromel alumel thermocouples used to 
obtain the temperature difference AT’ across the 
specimen, and a lead was taken from each electrode 
to the potentiometer to determine the potential 














@) 2( 40 
In, As; 
Mole % | 62 
Fic. 1. Variation of room temperature carrier concentra- 
tion n with composition. 


© Annealed specimens. + Directionally frozen specimens. 


AV across the specimen. The whole apparatus 
was enclosed in either a tubular furnace or in a 
vacuum flask to provide the required ambient 
temperature. AV/AT was taken as the thermo- 
electric power at the ambient temperature, AT 
being usually of the order 5°C. This was the 
thermoelectric power relative to copper, but in all 
cases the correction for this was assumed to be 
negligible. 

For the alloys for which electrical measurements 
were made over a range of temperature (i.e. those 
with less than 50 mol. per cent IngTeg) it was 
found that the values of conductivity o and Hall 
coefficient Ry and hence the derived Hall mobility 
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uw were practically independent of temperature. 
In all such cases the carrier concentration m as 
determined from the Hall coefficient was greater 
that 1019/cm? indicating the material to be highly 


degenerate. In order to compare the values of 














Fic. 3. Variation of room temperature conductivity ¢ 
with composition. 


° Annealed specimens. + Directional frozen specimens. 
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Fic. 4. Variation of thermoelectric power QO with tem- 


perature for typical specimens. 


(a) 15 mol. per cent IngTes3 (c) 49 mol. per cent IneTes 


n, 4 and o for the various compositions, it was 
therefore necessary to consider only the room 
temperature the 
temperature values of m, . and o with composition 


values and variations of room 
are shown in Figs. 1-3. The two points shown on 
each graph for IngTeg itself represent the values 


for ordered and disordered state of the compound, 


(b) 37-5 mol. per cent InzTe3 (d) 69 mol. per cent IneTe3 


The variation of thermoelectric power Q with 
temperature for a number of typical specimens 
is shown in Fig. 4. It was} found that for all 
alloys investigated, Q was directly proportional 
to the absolute temperature 7. This is as expected 
in degenerate material and the value of Q/T can 


be directly related to the height of the Fermi 
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level in the conduction band. The variation of the 
room temperature value of Q(Qe99) with com- 
position is shown in Fig. 5 where the value of 
Qogo is given for alloys ranging from pure InAs 
to 90 mol. per cent IngT eg. The form of this curve 
is very similar to that for the GaAs—GagSe3 
alloys) over the range 0-70 mol. per cent GagSe3. 
In the latter case beyond 70 mol. per cent the value 
of Q falls and becomes negative because of the 
p-type behaviour of Ga2Se3. 
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Fic. 6. Variation with composition of room temperature 
optical energy gap Ey and values of intrinsic energy 
gap Ego calculated for different values of scattering 

coefficient s. 

(a)s = +4 (b)s = —$4 


© Annealed specimens. * Directionally frozen specimens. 


In Fig. 6 the variation of optical energy gap 
Ey is shown as a function of composition. It is 
seen that in the range from 0-60 mol. per cent 
IngTe3 where the material is highly degenerate, 
the results show a very considerable filling of the 
conduction band and the optical measurements 
do not give the intrinsic energy gap. In the range 
from 5 to 35 mol. per cent IngTeg there is some 
spread in the experimental points. Three factors 
contribute to this effect. Firstly, as the level to 
which the conduction band is filled depends upon 
the carrier concentration there will be a real 
variation from one specimen to another depending 
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upon the value of m in each case. Secondly, with 
the large carrier concentration in this range, the 
resulting free carrier absorption will be large and 
hence the accuracy in determination of Fy will be 
less here than elsewhere. Finally, as already in- 
dicated the alloys in this range were inhomo- 
geneous to some extent and this factor can affect 
the shape of the absorption vs. wavelength curve 
and hence the determination of Ey. Thus the values 
of E, in this range are only approximate. 


4. DISCUSSION 

The results for alloys of low IngTeg content are 
very similar to those for the InSb—IngTe3 system, °? 
where solid solution is limited to 15 mol. per cent 
Ing Tes, and to the conductivity measurements in the 
GaAs—GagSeg system.) Thus as IngTeg is added 
to InAs the value of rises rapidly and reaches a 
maximum of 5x 10!9/cm? at 2mol. per cent 
IngTe3. It then drops slowly reaching a value of 
8 x 1018/em? at 50 mol. per cent IngTeg. As in- 
dicated previously, ) it would appear that initially 
when IngTeg is added to InAs (or InSb) the In 
and Te atoms enter the lattice without leaving 
lattice the As 
lattice act as donors. As the concentration of Te is 


vacancies and the Te atoms in 
increased some lattice vacancies appear and beyond 
2mol. per cent IngTeg each Ingles molecule 
added causes the associated vacancy on the In 
lattice. On this basis the maximum carrier con- 
centration of 5x 1019/cm? would be determined 


by the limit of solid solution of Te in InAs. A 


second possible explanation can be put forward 
however if it is suggested that the maximum ob- 
served value of n of 5 x 1019/cm is determined by 
the band structure of InAs. On this basis it would 
be postulated that solid solution of ‘Te continues 
beyond the value 5 x 1019 
carriers/cm® but that the resulting electrons enter 
the conduction band in a region where they have 
than the 


corresponding to 


considerably larger effective mass 
electrons at the normal band minimum and hence 
would contribute very little to the Hall coefficient 
and would not be effectively observed. ‘Two factors 
which possibly favour this second explanation can 
be cited. Firstly, the results of adding IngSeg to 
InAs and to InSb‘) give maximum values of n 
of 6 x 1019/cm3 and 9 x 1018/cm3 respectively which 
are very similar to the values when IngTeg is 
added to the compounds. Secondly, for every 
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three Te atoms giving electrons in the conduction 
band there will be one lattice vacancy less than the 
number expected from the stoichiometric formula 
and this should cause a small increase in density. 
Unfortunately specimens with less than 37 mol. 


per cent were found to contain numerous blow- 


holds which render density measurements in- 
accurate, At higher percentage and particularly for 
the directionally frozen ingot the specimens were 
more uniform and hence density measurements 
were made on various samples. The values obtained 
appeared to be nearly 1 per cent higher than those 
expected from the values of lattice parameter and 
stoichiometric formulae. It was considered, how- 
ever, that this difference probably lay within the 
limits of experimental error. Until further evidence 
is available it is difficult to decide which of the 
postulated explanations 1s more correct. 

The variation in the 7 vs. composition curve for 
alloys with more than 50 mol. per cent IngTeg is 
very Fig. 1 the room 


temperature value of n falls from 4x 10!8/cm? at 


large and as seen from 


50 mol. per cent IngTeg to approximately 5 x 101 
cm® for IngTeg itself. While the return to a stoi- 
chiometric condition could explain a fall of two or 
three orders of magnitude in m, corresponding to the 
rise in 2 from the value at InAs to that at 5 mol. 
per cent IngTes, the much larger change in n of 
seven orders of magnitude needs further explana- 
tion. Various factors have to be considered in 
discussing this large change. Firstly, bearing in 
mind the suggestions of Jorre™), ZENER‘), and 
others it is possible that the normal ideas of con- 
duction cannot be applied to IngTeg and that 
“hopping” conduction must be considered. If this 
is so, it is not certain that the value of 2 obtained 
here from Hall data can be correlated with the 
values obtained for the more normal substance 
such as InAs and the high percentage InAs alloys. 
If it is assumed that the value of m has its normal 
significance, it is necessary to explain this very 
large fall in carrier concentration. In this range of 
composition the energy gap has such a value that we 
are dealing with impurity carriers at room tem- 
perature. An obvious suggestion is that the donor 
levels are depressed as IngTeg is added and the 
impurity activation energy is therefore increased. 
A factor of 10? in carrier concentration could be 
explained by a change in position of donor levels 
from approximately 0-01 eV below the conduction 
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band, a value typical of normal A!IBV com- 
pounds, to the centre of the forbidden gap in 
IngTeg itself. Such an effect could explain the 
very low carrier concentration observed in 
InoTes. 

Because of the nature of IngTeg however, other 
explanations are possible for the very low carrier 
concentration observed in this compound. With 
the preparation described above, it would be ex- 
pected from experience with other intermetallic 
compounds that the IngTe3 would contain im- 
purities of the order 1017/cm? or more, and that 
some reasonable proportion of these would act as 
donors or acceptors. But as has been shown, IngTeg 
will take into solid solution both A'IBV com- 
pounds such as InAs and A!!BV! compounds such 
as CdTe"®) and for low percentages of these sub- 
stances the ideal stoichiometry may be lost. Thus it 
is possible that small amounts of elements from the 
2nd, 3rd, 4th, 5th or 6th columns of the periodic 
table can be accommodated in the lattice, and by 
suitable loss or gain of lattice vacancies the electron 
concentration can remain at a value of 4 electrons 
per site. With such an electron distribution, no 
donors or acceptors would be present in the lattice 
and no impurity levels, in the usual semiconductor 
sense, would occur. An important factor in this 
case is the possibility, as yet unconfirmed," that 
InoTeg has a defect antifluorite rather than a 
defect zinc blende structure. It this were the case, 
the presence of the enantiomorphous fluorite sites 
would give even more flexibility in the lattice to 
accommodate impurity atoms. 

If the behaviour of IngTeg is as described above, 
the very rapid fall in m over the range of alloys 
from 50 mol. per cent IngTeg to IngTeg itself can 
be looked upon as a gradual transition from the 
normal impurity behaviour of the InAs rich alloys 
to the effectively intrinsic behaviour of IngTes3. 

The variation of mobility ~ with composition 
(Fig. 2) shows that p falls very rapidly from 30,000 
for InAs to 2000 at 2 mol. per cent IngTeg and 
then falls more slowly to a value between 10 and 
50 for IneTeg. Various scattering mechanisms 
can be postulated to explain this reduction in p, 
but such a discussion must be linked with the 
considerations of the alloying effects given above. 
Over the first few per cent of IngTeg the pre- 
dominant scattering effect could be due to ionized 
tellurium atoms or to neutral tellurium atoms and 
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lattice vacancies in the lattice. It is of interest to 
note that up to 15 mol. per cent IngTeg a logarith- 
mic plot (Fig. 7) shows that p varies approximately 
as N-1/3 where N represents the concentration of 
IngTeg. The same type of result was obtained with 
the InSb-IngTeg alloys. At higher concentrations 
of IngTeg the scattering is almost certainly due to 
the presence of lattice impurities and at such high 
densities that alloy scattering is relevant. In this 
range the possibilities of antifluorite structure and 
“hopping” conduction become important. Some 
further evidence on scattering mechanisms may 
be obtained from a consideration of the thermo- 
electric effects. 
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Mole % I n2Tes N 


Variation of logio w with logio N where N is 
InzTe3 concentration. 


Fic. 7. 
© Annealed specimens. * Directionally frozen specimen. 
As indicated above for degenerate material the 
thermoelectric power Q is found to be directly 
proportional to the absolute temperature 7’, and the 
value of O/T can be used to determine the height 
of the Fermi level (¢) above the conduction band 
minimum. The appropriate equation !!) is 


and if it is assumed that 
7 oc Es 
then 


6 


342s ) wey 


eC 


A determination of ({) from Q thus requires a 
knowledge of s which depends upon the particular 
scattering mechanism concerned. The two mech- 
anisms expected to predominate are ionized im- 
purity scattering at low IngTeg content and alloy 
scattering at higher IngTe3 content. Thus values of 
¢ have been calculated from the mean Q vs. com- 
position curve assuming that s = —} for alloy 
scattering?) and s = +4 for ionized impurity 
scattering,3) and these values of ¢ subtracted 
from the optical values of Ey. The resultant values 
should approximate to the intrinsic energy gap 
Ego, and these are plotted in Fig. 6. In the range 
40-70 mol. per cent IngTeg the values of Ego 
obtained by assuming s = —# are consistent with 
the values of Ey from 70-100 mol. per cent 
IngTe3, in which range the carrier concentration 
is so small that the optical value is the intrinsic 
gap. Also, using s = +4, the values of Ego at low 
IneTeg concentrations are in good agreement with 
the intrinsic gap for InAs itself. Thus it would 
appear correct to assume that alloy scattering is 
predominant in the range 40-70 mol. per cent 
IngTe3 and ionized impurity scattering for com- 
positions from InAs to approximately 5 mol. per 
cent IngTeg. It cannot be seen from these results 
what values of Eyo apply in the range 5-40 mol. 
per cent IngTes, but it seems unlikely that in this 
range either of the plotted Ego curves are applic- 
able. Probably no single scattering mechanism 
predominates, but that alloy scattering increasingly 
dominates over ionized impurity scattering. 

With highly degenerate material the value of ¢ 
can be used to determine an effective mass (mn) 
of the conduction electrons, the equation 

8 (2mn)3/2 


n= — —C 


3 h 


3/2 


giving a “density of states’’ effective mass. If the 
values of { for alloys containing up to 3 mol. per 
cent IngTeg are used in this way values for my 
lying between 0-08 mo and 0-09 mo are obtained, (mo 
being the free electron mass). For alloys of IngTeg 
content rather higher than this the values of { are 
not known but from Fig. 6 a rough estimate can be 
made, shown by the dotted line, and this indicates 
values of my similar to those for the lower per- 
centage alloys. As the values are almost three times 
the accepted value for non-degenerate InAs it 
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appears that the InAs band shows considerable 
deviation from parabolic form at these values of 
electron concentration. The values obtained here 
with the calculated by 


are consistent values 


STERN 14) using a KANE type"5) model for InAs. 

In alloy systems of this type the possibility of 
ordering at various special compositions should 
be considered. An investigation of the possible 
types of ordering in this case™®) indicates that the 


most probable percentages at which ordering may 
occur are 75 mol. per cent IngTeg, 50 mol. per 
cent IngTeg and 37-5 mol. per cent IngTeg where 
the formulae of the alloys would be Ing (] AsTes, 
Ins ] AssTez and In7(j AssTeg_ respectively 
(where [J indicates a lattice vacancy). No direct 
X-ray evidence has been obtained at any of these 
compositions but some evidence in the case of the 
75 mol. per cent IngTeg alloy may be obtained 
from the optical data, for Fig. 6 shows the values 
of Ey at this percentage significantly above the 
mean curve for Ey values in this range. It is of 
interest to note that in an analogous system 
InAs—IngSeg ordering at the 75 mol. per cent 
IngSeg composition has been reported.” 
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Abstract—The coupled spin-lattice-bath system is investigated under conditions of microwave 
power saturation and the conditions for the existence of a steady-state nonthermal equilibrium 
phonon distribution are determined. The spin—lattice-bath equations are solved numerically for a 
few special cases involving a nonequilibrium distribution of phonons. The results of an experiment 
designed to detect the presence of nonequilibrium phonons are reported. No indication of the 
presence of such phonons was found. The experiments were performed using Cr?*+ impurities in 
MgO, AleO3 and K3Co(CN)6 and at T = 4:2°K and 2°K. The sensitivity of the experiment was 
such that for ruby a phonon temperature rise of AT = 0-005T could have been observed. Finally, the 
validity of the theory, in view of the experimental results, is discussed. 


INTRODUCTION 


ACCORDING to current theories of thermal re- 
laxation in paramagnetic crystals,1:2) the electron 
spin-lattice relaxation is a direct process at low 
temperatures. That is, the spin-flip is accompanied 
by the creation of a single phonon whose frequency 
is equal to the resonant frequency of the para- 
magnetic transition.“) If the phonons in contact 
with spins are assumed to remain at the bath 
temperature, then the spin-lattice relaxation is a 
simple exponential decay. However, at liquid 
helium temperatures, the spin specific heat is 
very much larger than the phonon specific heat, 
and so we would expect a rise in “‘phonon tempera- 
ture” at least in a frequency band centered about 
the paramagnetic resonant frequency. A negligible 
temperature rise would be expected only in the 
event that the phonon lifetime is sufficiently short 
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to allow a rapid transfer of energy from the 
phonons in contact with the spins to the rest of 
the phonon spectrum and the surrounding bath. 
GIORDMAINE et al.) proposed a theory of spin— 
lattice relaxation at liquid helium temperatures 
in which the total rate of relaxation is limited 
by lattice-bath relaxation. In their theory, the spin— 
lattice relaxation time is assumed shorter than the 
observed relaxation time. In addition, the frequency 
range Av of phonons in contact with the spins is 
very much greater than the spin resonance line 
width. The limiting relaxation time is the time it 
takes for these “hot phonons” tuo diffuse to the 
surface of the paramagnetic crystal, their transport 
to the surface being interrupted by absorption and 
re-emission by interaction with the paramagnetic 
spins. STRANDBERG™) has derived equations re- 
lating spins, phonons and temperature bath, 
which obtain, when the finite phonon specific 
heat is taken into account. Here no assumption 
is made about the phonon bandwidth Av. The loss 
of energy from this phonon band is described by a 
single phonon relaxation time and allows for energy 
loss to the rest of the phonon spectrum and 
directly to the bath. BLOEMBERGEN et al.) have 
explained the experiments of GIORDMAINE et al., 
as well as saturation effects in three-level masers 
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in terms of cross-relaxation effects. Nevertheless, 
they estimate that even with the spin energy 
spread out over the entire phonon spectrum and a 
surface thermal contact of unity, a small (0-3°K 
in his example) lattice temperature rise could be 
expected. DRANSFELD) and SHIREN and ‘TUCKER? 
have tried to detect a rise in phonon temperature 
in ruby, but without success. SHIREN and ‘TUCKER 
estimate that a rise in phonon temperature AT of 
0-2°K at T 
ANDERSON 
problem and compared it with trapped resonant 


- 1-8°K would have been observable. 
has considered the spin—phonon 


radiation in gases. He shows that the phonon 
linewidth will be equal to the spin linewidth and 
proposes a combination of phonon diffusion and 
spin-spin interaction to 


explain spin-lattice 


relaxation. 


SCOPE OF THIS PAPER 
(1) In this paper we study the coupled spin- 
lattice-bath 
conditions a 


system and determine under what 
steady-state nonequilibrium phonon 
distribution will exist. The effect of such a phonon 
distribution on the observed spin relaxation is 
also investigated. 

(2) We report an experiment similar to that 
SHIREN and ‘TUCKER, designed to 


detect a rise in temperature of phonons in contact 


described by 
with a saturated spin transition. The experiment 
involved two microwave cavities with a paramag- 
netic crystal placed between them and extending 
into each cavity. Excited phonons would be de- 
tected only if they traverse the crystal from the 
“saturating cavity’ to the “‘detecting cavity’’. 
The experiment was performed using ruby and 
also Cr** impurities in MgO and in KgCo(CN)g 
as paramagnetic crystals. The sensitivity was such 
that in the case of ruby, a temperature rise 
AT = 00-0057 could have been detected. How- 
ever, no such temperature rise was observed. 

(3) The validity of the theory presented here is 
discussed in the light of the experimental results. 


THE SPIN-PHONON BATH EQUATIONS 

For simplicity, we assume only two spin levels, 
Then the energy transfer from spins to lattice 
leads to the equation™): 


d N,-N 
7 (Ni —Nj) 
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= 2p(viz) [Ni Aaz Mij+ 1 b —N;Aij ‘Mi; >] 
(1) 


where 


Ni = 
N; 
<(My> = 
p(vij) = density of phonon states at frequency vi; 
Ay = induced transition probability for spin 

flip with emission or absorption of a 
phonon. 


number of spins in excited state 
number of spins in ground state 
number of phonons with frequency vj 


We now assume that only phonons in a fre- 
quency range Av centered about the spin resonant 
frequency interact directly with the spins. Further- 
more, it is assumed that the loss of phonons from 
this frequency interval, apart from interaction with 
the spins, can be described by a single relaxation 


time. This includes both direct absorption by the 


temperature bath, and scattering into other lattice 
modes. ‘Then the equation for the decay of phonons 
with time is 
d ‘ d 
—(My—M?%,> = —(N;i—N;)- 
M45 — IMA ay , Ng — LNG 
dt 9 dt 


where 


Av of 


directly with spins 


= bandwidth phonons interacting 


Tpn = lifetime of those phonons with frequen- 
cies within bandwidth Av of vj. 


These two equations are the coupled spin-lattice 
equations. ‘To simplify them, we introduce the 


following quantities: 


where 
) ) - r 
N;, Nj; are the values of Nj, Nj at thermal 
equilibrium, 
and 


N°+N®° = Nit Nj = Nz = of 


spins. 


total number 
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The spin-lattice equations become 


where 


2p 


~ 


4p(vi;)Av 


: ,= - - - : - - 
E ORV AU 

( 2M. +1° p(vis) Aaj 

A further substitution is convenient for studying 

these equations. Let 
v=1-x, w o=bja, a= Tsp/Tpn 

The equations become, with time measured in 

units of 7'sp, 


a[(v—w) — ow(1 —v)] (6) 


We now draw some conclusions from these equa- 


tions: 


(i) If o < 1, the solution of (5) yields a simple 
exponential decay for v. Thus, the size of o is a 
measure of how important the nonthermal phonon 
distribution is in leading to a departure of the 
spin system from simple exponential relaxation. 

(ii) The steady-state solution of the spin-lattice 
equations with a resonant r.f. magnetic field present 
shows that w has a maximum value of unity. 

Therefore 


0\ 
ae. 
(M9 +1/2) 


= 0 


(y)max = 
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Writing this in terms of temperature with 


kT 


for 


yields 
Tpn —7 B 
Tz max 
where 
Tpn 
Tz = temperature of surrounding liquid helium 
bath. 


= temperature of excited phonons 


Therefore even when the spin temperature is 
infinite (or very large) and thus describes complete 
r.f. saturation of the spins, the phonons in contact 
with the spins will never rise above the tem- 
perature 


Tpn = (0+ 1)TB 


(111) ¢ is an important parameter in the theory 
and can be given a simple meaning, that is 
( sp Tsp 
( ph lpn 
where 
Csp 


Cyn = specific heat of phonons in contact with 


= spin specific heat 


spins. 


To show this for hv;;/RkT 1, we note that 


dk hv ad (No.0) 
dT 4T * . 
N, hvi; : 
4 | kT 


tis 


d 
Con = fw iT p<Mi; Av = kpAv 
¢ 


Therefore 


Csay/Con = — 
ee 4p(vi;)Av 
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Fic. 1. Numerical solution of the spin-lattice-bath equations for o = 1, a 103, 
Solid lines represent exact numerical solution, crosses the approximate 
solution. 
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Fic. 2. Same as Fig. 1 except o ="100, a = 103. 
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(iv) If a > 1, which is physically reasonable, 
then the spin-lattice equations can be solved 
approximately. We have (l/a) dw/dt~0 and 
equation (6) becomes 


(7) 
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The results are shown in Figs. 1 to 3. The approxi- 
mate solution agrees quite well with the numerical 
solution. Inspection of equation (10) shows that 
a large o will lead to a longer observed spin- 
lattice relaxation time, for a function that departs 
from a simple exponential decay. 


ESTIMATE OF a, b, ¢ 
For v = 9-2 kmc/s, T = 4:2°K, Av = 50 Mc/s 
and assuming a Debye spectrum for p(v) we obtain 


b = 0-6 C03 
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Fic. 3. Same as Fig. 1 except o 


Equation (8) has the solution 


1 
t = (1+o) In- —o(1—v) (9) 


U 


or if it is inverted, 

v = exp[—t/(1+0)]exp(1—v)[o/(1+0)] 
The initial conditions for saturation at ¢ = (0) are 
v = w = 1. Equations (5) and (6) have been solved 
numerically for the three following cases: 

(1) o = 1, a = 108 
(2)o = 102, a= 108 
(3)o= 108, a=1 


(10) 


where 


C = concentration of paramagnetic ions 
§p = Debye temperature. 


For the ruby crystal, 


C=10-4 @p=980°K bx6~x 104 

For Tsp we use the measured spin lattice re- 
laxation time, Tsp = 3x10-2sec. The proper 
value for Typ will be discussed more fully below. 
For the present estimate we assume Typ = 10-6 
sec. Then 
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and SO 


Cruby © 2 


A cof 2 would not have a marked effect on the spin— 
lattice relaxation time, but would lead to a phonon 
temperature of three times the bath temperature. 
For the MgO crystal, C = 0-5 x 10, Av & 12 
Mc/s, @p 10° and b 104 at T = 4-2°K. 
If we assume the same value for a as for ruby, 


we obtain 


(c)Mco ~ 0-4 


PHONON LIFETIME 
Of the quantities appearing in the expression for 
c, the one whose magnitude is most in doubt is 
Tn, the phonon lifetime. We consider now some of 


the mechanisms that limit this lifetime. 


(i) Phonon—phonon collisions 

This will be the only term in an otherwise ideal 
crystal of infinite extent. It is due to the an- 
harmonic part of the lattice potential energy. At 
liquid helium temperatures it leads to a very long 
lifetime. An approximate calculation can be made 
with the aid of equations found in an article by 
KLEMENS"®), With suitable approximations, the 
following expression for 7» is obtained: 


pv ] 


Lyn 1-5 x 10-” 7! 


where 


p = density of crystal 

Uv velocity of sound 

y Gruneisen coefficient 

v = Frequency of phonon considered 


T = temperature. 


This gives the lifetime of a phonon whose fre- 
quency v is low compared with other phonons 
present in the crystal. ‘The most serious approxi- 
mation is the neglect of crystal dispersion. How- 
ever, equation (11) will give a lower limit on the 
lifetime. 

For AlgQs, , 


- 
3 


4-0) g/cem3, v = 7-6 x 10° cm/sec, 


Therefore 


Tn — 0-6 x 10-3 sec. 


M. W:. ?. 


STRANDBERG 


A similar result is obtained for MgO. vAN VLEcK"!) 
has carried out a similar calculation and also ob- 
tains a long relaxation time. It is interesting that 
recent experiments on hypersonic wave in 
quartz 12,18,14) indicate a very long lifetime for 
microwave phonons in quartz at 4-2°K. 


(ii) Crystal impurities 

The contribution of various types of impurities 
to phonon scattering is more difficult to estimate, 
especially since little is known about the number 
and type of impurities in the crystals used in our 
experiments. KLEMENS"®) has derived a formula 
for the phonon lifetime when it is limited by 
scattering from point imperfections: 


where 


velocity of sound 

1/impurity concentration 
- interatomic distance 

angular frequency. 


Putting in numbers for the crystals we used and 


assuming G 104, we obtain 7p = 0-1 sec. 
This is a very long lifetime. The true lifetime 
because of imperfections is probably much shorter 


than this. 


(111) Boundaries 

For crystals whose dimensions are only a few 
millimeters, phonon absorption and scattering at 
the boundary may limit the phonon lifetime. 


Thermal conductivity experiments on ruby"9) 


indicate a phonon mean-free path limited only by 


diffuse scattering at the boundaries for a rod a few 
millimeters in diameter. However, the mean-free 
path calculated in this way would be for phonons 
with frequency approximately ten times greater 
than X-band microwave phonons, v = 9 kMc/s. 


Let r2 power reflected at boundary per 
phonon collision 

velocity of sound in crystal 

initial power in phonon wave packet 

power in phonon wave packet after 
time f, 


P y2nPo = 


> —t/ 
pe /4 





THE 


1 
n = t/tg and T = to In(— 
ve 


An upper limit will be set by the degree of 


acoustical match between the crystal and the 
helium bath. In this case 


where 
Ze = acoustical impedance of crystal 
Zx = acoustical impedance of liquid helium 


Z = pV. 
For a ruby crystal in liquid helium, 


. = 4-0 gm/cm3 
= 0-125 gm/cm? 
= 7x 10° cm/sec 

vH = 2x 104 cm/sec 


Taking / = 2 mm, to = 0-3 x 10-6 sec, we obtain 


Phonons at 9kMc/s have a wavelength of about 
8000 A. If the crystal surfaces are not polished, 
there may be some diffuse scattering. If 25 per 
cent of the power is lost by diffuse scattering at 
the surface, then the phonon lifetime becomes 
10-6 sec. This is probably a reasonable value and 
has been used in our estimate of oc. 


PHONON TRANSPORT IN PARAMAGNETIC 
CRYSTALS 

Suppose we have the following experimental 
situation. A crystal containing paramagnetic spins 
is in the form of a parallelepiped with square 
cross section of area /? and length L, where L > /. 
The crystal is divided into three regions. Regions 
I and III form cubes of volume /? at the two ends 
of the crystal, and region II comprises the central 
portion. Assume that phonons are generated uni- 
formly in region I. Some of these phonons will 
traverse region IJ and enter region III. We would 
like to know what is the average number of phonons 
in region III. We examine two different situations. 


(i) There is no attenuation of phonons in the 
interior of the crystal, but all phonons that reach 
a surface are lost. 


L 
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(ii) Region II contains paramagnetic spins in 
equilibrium with the lattice. These spins can 
absorb and re-emit phonons. Again, all phonons 
reaching a surface are lost. These two examples 
represent extreme cases so that the number of 
phonons in region III as calculated in (i) and (11) 
will be a lower limit. 

Case (i). Here only those phonons initially 
travelling in a direction contained within the solid 
angle subtended by the face of region III with 
the center in region I will reach region III. If this 
solid angle is denoted by dw then dw = (l/L)?, 
and the average number of phonons in region III 
is 

1 /l\? 


For the crystals used in our experiments, 


1=2-2mm L=66mm 


and 
1/1l\2 


rs | L ~ 0-01 


Case (ii). A beam of phonons is incident on the 
left face of region II. If the mean-free path of a 
phonon, because of spin—-phonon interaction is 
small compared with the length of the crystal, 
then the problem can be described by a diffusion 
equation in which the diffusion constant is given 
by D = (1/3)vA, where A = phonon mean-free path 
from phonon-spin interaction. The solution of the 
diffusion equation for this case is 


aL 
nit = n1(0-64) exp —|( 


NII — 
: -= 6x10-5 for L/] = 3 


ny 
In addition to the diffusion flux into region III, 
there will be the unscattered part of the incident 
primary beam of phonons which gives a contribu- 


tion to myqT, 
mit = nyexp(—L/A) 
ESTIMATE OF DIFFUSION CONSTANT 


The attenuation calculated above could place 
a severe limitation on the possibility of transmitting 
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phonons down a crystal rod. Therefore, an estimate 
of the phonon mean-free path is desirable. 
Let 
W = transition probability for a spin flip and 
the creation or destruction of a phonon 


W = AN:NpnrW® 
where 


AN; = difference in spin population between 
upper and lower states 
N,; 


W°® = transition 


= number of phonons in frequency band 


probability per spin per 


phonon. 
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For ruby 
7 x 10° cm/sec. 
= 3x 10-2 sec. 


6 x 104 


so that 


exp(—L/A) ye? » 01 


For the MgO crystal, the phonon mean-free path 
will be longer because of the smaller value of b. 
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Fic. 4. Block diagram of experimental apparatus. 
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The phonon mean-free path is 


THE EXPERIMENT 

A block diagram of the experimental arrange- 
ment is shown in Fig. 4. The paramagnetic crystal 
is placed between two identical ‘TEj9;-mode 
rectangular X-band microwave cavities. The region 
containing the crystal between the two cavities 
forms a waveguide beyond cutoff and provides 
about 40 db of isolation between the two cavities. 
In one cavity a paramagnetic transition is saturated, 
while the same spin transition is monitored in the 
second cavity. If nonequilibrium phonons are 
created via spin-lattice relaxation in the saturating 
cavity and are transported through the crystal, 
then their presence will be detected by their 
effect on the resonance absorption in the detecting 
cavity. To increase the detection sensitivity, the 
saturating power is amplitude-modulated at 
5 c/s. The monitoring klystron is set on resonance 
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and the detected signal is passed through a 5 c/s 
narrow-band amplifier and a phase-sensitive de- 
tector with a time constant of 30sec. A low 
modulating frequency is used so that the spin 
system can follow the amplitude variation of the 
r.f. power. 


SENSITIVITY OF THE EXPERIMENT 
Let 


k = Qo/Qe, K = Qo/Qm 


where 


= quality factor of the cavity 
external Q 
crystal magnetic Q 


Then the reflection coefficient of the monitor 


cavity is 


(-*=) 
| 


If the phonons in the monitoring end of the crystal 
have an a.c. component, the observed « will be 


K = Ko+k 1 COS wt 


and the detected signal will be proportional to 
ky which is defined as 


AT 


3 KO 


Yi 
AT <T 


and AT is the time-variant temperature variation. 
If, on the other hand, the magnetic field is modulated 
over the whole linewidth, the detected signal will 
be proportional to xg. If the signal-to-noise ratio 
of the resonance signal for full linewidth molula- 
tion is S/N, then the minimum detectable tempera- 
ture rise will be 


(= 1 

T / min (S/N) 

For the experiments with MgO and ruby, it was 
found that S/N ~ 108. 

Therefore 


| ~ 0-005 
min 

with a mean deviation of 1/5 in AT. 
L* 


RESULTS 
(i) MgO. The Cr+ impurity ion concentration 
was approximately 1018 spins/cm?. The sample 
size was 2:'2x2:2x10 mm, with 5mm distance 
between the two cavities. The isolation between 
cavities was measured to be 43 db, whereas the 
power required to reduce the resonance signal by 


UNITS 


UT OF S5CPS DETECTOR IN ARBITRARY 


‘a22O-seSDaeaaet 6&6 ws 6 S 


SATURATING KLYSTRON ATTENUATOR SETTING IN DB 


Fic. 5. 
purities in MgO. Main isotropic Cr?* 
H = 3255 G (approximately), parallel to c-axis of crystal. 
vy =92kMc/s, T = 4:2°K. Two runs shown, 
labeled 1 and 2. The flat portion of run 1 at low saturating 
klystron power is equal to the experimental error. 


Phonon-detection experiment using Cr°+ im- 
line is used. 


are 


one half was 33 db below the maximum saturating 
power approximately 0-5 x 10-6 W. 
Therefore, the maximum leakage power which 
enters the monitor cavity by direct microwave 
leakage is (P;)max = 0:1 Psat. The leakage power 
will not be directly detected by the 5 c/s amplifier 
because it mixes incoherently with the local 
oscillator. Rather, its effect will be felt through 
partial saturation of the monitor resonance. It 


used, or 
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will contribute a detected signal of the form: 


1 
Ki = — —Kg & ~xo for P; 
I +P, Pyar Prat 


Psat 


For large saturating power, this term may be 


and M. 


W. P. STRANDBERG 

No leveling-off is observed within the experi- 
mental error. These curves indicate that saturation 
takes place at a lower power level than that ex- 
pected from the measured saturation power and 
isolation between cavities. From the runs made on 
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f =92kMc, T 


c-axis. 


Phonon-detection experiment using Cr** im- 
purities in AleOs. H = 2172 G, 55 
-2°K, 


with respect to 


The leveling-off of 


the lower portion of run 1 is due to saturation of the 
phase-sensitive detector. The upper portion of run 1 is 
obtained from the output of the 5 c/s amplifier. 


greater than the one arising from phonon trans- 
port. However, by reducing the saturating power 
one can make this term small, and still have 
sufficient power to saturate the resonance in the 
saturating cavity. Thus, what one expects is a de- 
tected signal which decreases linearly with saturat- 
ing power and then levels off when the effect on 
nonequilibrium phonons is felt. Fig. 5 gives 
curves for two runs, showing detected signal 
against saturating power for an MgO sample. 


MgO, we estimate for a minimum A7/T 
AT 


| - = 0-01 


min 


(AT) < 0-04°K at T = 4-2°K 


(ii) Ruby. The results of two runs taken with a 
ruby crystal of dimensions 2:2 x 2:2 10 mm are 
shown in Fig. 6. The chromium line in ruby (a 
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superposition of absorption by M;= + 3/2 + 1/2) 
has a shorter relaxation time than the chromium 
line in MgO, so that for maximum saturation 
power there is no indication of saturation in the 
monitor resonance. Also, since the 1/Om for ruby 
is three times greater than for MgO, the sensitivity 
is somewhat increased. Again there is no indication 
of phonon transport through the crystal. Here we 


estimate that 
(=) 
\ T min 


(AT) < 0:02°K at T = 4-2°K 


0-005 


The experiment was also tried at JT = 2°K and for 
H parallel to the c-axis with similar results. Both 
the ruby and MgO crystals were polished to in- 
crease the amount of specular reflection from the 
boundaries. 

(iii) KgCo(CN)g¢. Several different concentra- 
tions of Cr®*+ impurities were used, namely 
0-03, 0-01, 0-001. 

In the first experiment, a sample of dimensions 
3x5x10mm was placed between a circular 
TEj11-mode cavity within a coaxial ‘TE);3-mode 
cavity. The r.f. magnetic fields were orthogonal. 
The c-axis was parallel to the d.c. magnetic field. 
At H = 2200 G, the (1-3) and (3-4) transitions 
are degenerate, and have different r.f. selection 
rules. The (1-3) transition was saturated in the 
coaxial cavity and the (3-4) resonance traced out 
in the circular cavity. No phonon effect was ob- 
served, that is, the resonance traced out in the 
circular cavity was independent of saturation of 
the resonance in the coaxial cavity. Then a crystal 
with 0-01 Cr concentration and dimensions 
2:2x2:2x 10mm was used for a run in which 
the rectangular cavities and the 5 c/s amplifier, 
but no phase-sensitive detector, were used. 

Again no effect was observed. In this case we 
estimate that 


AT 
— < 0:05 


DISCUSSION 
No evidence of nonequilibrium phonons was 
found with all three crystals in this experiment. 
This is rather surprising in view of the theory 
presented earlier. For example, for ruby we expect 


AT/T & 1 in the saturating cavity, with a decrease 
in the monitoring cavity of not more than a factor 
of 10. Yet we find A7/T < 0-005, which is more 
than 10 times smaller than we would reasonably 
expect. Ruby and MgO should be very favorable 
crystals for producing a nonthermal phonon distri- 
bution. They both have very high Debye tem- 
peratures and o is proportional to 63. We now 
discuss some possible reasons for the lack of a 
nonequilibrium phonon distribution. 

1. Density of phonon states. We have assumed a 
Debye distribution and since @p is so large for 
ruby and MgO, it leads to very few phonon 
states in the microwave region. If a small fraction 
of the total crystal vibrations available have another 
distribution that favors lower energy states, then 
the number of phonon states in contact with the 
spins might be much larger. 

In fact, it has been elegantly demonstrated 
that no three-dimensional crystal can have a 
density of eigenstates as simple as that given by 
the Debye spectrum."617) Frequency extrema 
and saddle points give rise to maxima in the density 
of states well below the maximum frequency. 
We do not suggest that a maximum in the density 
of states could exist at as low a frequency as 101° c/s 
but the density of photon states at microwave fre- 
quencies will be underestimated when a spectrum 
as greatly oversimplified physically and analytic- 
ally, as a Debye spectrum is used. 

2. Incorrect spin-lattice relaxation theory. For 
example, it may be that the spins can give their 
energy to other phonon states besides those 
centered about the resonance linewidth. Actually, 
our assumption of only two spin states is incorrect, 
since there are four energy levels in a spin 3/2 
system. If one pair of levels is saturated, the re- 
laxation can occur by transitions to the other spin 
states if the matrix elements are favorable. This 
will reduce the energy transferred to the lattice at 
the saturating frequency. Although this will reduce 
o somewhat, it does not explain the large discrep- 
ancy found in our experiments, since according 
to our present understanding’) the pumped 
transitions have allowed matrix elements coupling 
them to the lattice. 

3. Phonon relaxation time shorter than expected. 
None of the known phonon scattering mechanisms 
lead to a phonon lifetime short enough to explain 
fact, assumed value of 


our results. In our 
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Tpn = 10-* sec is quite a bit shorter than the 
experimentally observed phonon lifetime in quartz 
at the same frequency."?-13,14) 7), would have to 
be about 10-’ sec to explain our experimental 
results. 

The first two explanations seem the most prob- 
able. Itis probably too much to expect that all low- 
frequency lattice modes have a Debye frequency 
distribution. There may be a number of low fre- 
quency localized modes, for example, or a small 
fraction of the total number of modes may be 
distributed according to a Debye distribution, 
but with small @p. With regard to the second 
suggestion, there is no direct evidence, but 


it is well known that there are many aspects of 


spin-lattice relaxation that are unexplained”) 
and the possibility of a broad coupling to the lattice 
modes cannot be overlooked. Finally, the experi- 
ments on the saturation of paramagnetic impurities 
in quartz and MgO by hypersonic waves show that 
much more power is required to saturate the spins 
than would be calculated on the basis of present 


spin lattice relaxation theory. 
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DEVIATIONS FROM STOICHIOMETRY IN MnO AND FeO 
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Abstract—Deviations from stoichiometry in divalent oxides containing cation vacancies such as 
MnO and FeO are treated according to a simple mass action approximation which predicts that the 
composition should vary with the sixth root of the oxygen pressure for large deviations from stoichio- 
metry and with the square root of the oxygen pressure close to the stoichiometric composition. 
Published data for MnO and FeO are in excellent agreement with the predictions. 


A RECENT paper by Davies and RICHARDSON") 
describes the deviations from stoichiometry in 
MnO for temperatures from 1500 to 1650°C in 
oxygen atmospheres of 10-? to 10-2atm. The 
composition ranges from MnQyj.999 to MnO}j.o45 
and the system appears to be analogous to the FeO 
system as described by DARKEN and Gurry’), 
The main differences in the two systems are that 
stoichiometric FeO is not stable, and the latter de- 
viates from stoichiometric proportions to a much 
greater extent. 

Davies and RICHARDSON consider that the de- 
viations from stoichiometry in MnO are due to 
cation vacancies, as has been shown for FeO. The 
experimental data are treated by a technique of 
disorder thermodynamics attributed to WAGNER") 
which fits the data in the composition range 
Mn0O}.900 to MnQOj.905. The lack of agreement 
between theory and experiment for more oxygen 
rich compositions is assumed by them to be due to 
changes in the cation vacancy activity coefficient. 

In this paper, these data have been evaluated 
according to another thermodynamic treatment 
developed by the Wagner school) and extended 
by Kr6cer and ViNK®), and good agreement 
between theory and experiment are attained up to 
the maximum deviations from stoichiometry re- 
ported without involving changes in activity 
coefficient. The FeO data of DARKEN and GURRY 
have been similarly treated with equally good 
agreement. 

The deviations from stoichiometry can be con- 
sidered in terms of the following pseudochemical 


equilibrium: 


402 = Mnyae+2(e-)+MnO (1) 


— 


TT . . on . 
where Mn,,, is a cation vacancy and (e-) is an 
—— 
electron hole in the valence band. The mass action 
expression for this equilibrium is: 
++ cs 9 a 1/2 
[Mnvac][(e-) ? = KPos (2) 
~_— 
where the brackets denote the concentration of 
the enclosed species, Po, is the oxygen pressure in 
atm, and K is a function of temperature. The 
standard state is taken as the perfect stoichiometric 
lattice with a filled valence band and empty con- 
duction band. 
For small deviations from disorder, one must 


also consider the thermal disorder reactions: 


Mnii.+Mnin = O (3) 
and 


eé+(@) =O (4) 


where Mn,,, is an interstitial cation and e~ is 
an electron in the conduction band. Defects in 
the oxide sublattice can almost certainly be 
neglected. For compositions sufficiently far from 
stoichiometry the disorder will result almost com- 
pletely from reaction (1) and the concentrations of 
Mn** and e~ may be neglected. 


In this range: 


[()] = 2[Mnvac] = 20 (5) 


— 
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and equation (2) becomes 


403 = KPO; (6) 


and 


1/6 
vo Pos 


(7) 


Thus the concentration of cation vacancies, which 
is equal to x/1+x* in MnO;,z should be pro- 
portional to the sixth root of the oxygen pressure. 
FeO can be treated analogously. 

In the region of very small deviations from 
stoichiometry, the concentration of electron holes 
due to thermal disorder (reaction 4) will become 
significant and eventually predominant. The re- 
lationship between the concentration of cation 
vacancies and of electron holes given in equation (5) 
will no longer be valid, the latter being constant 
at a given temperature. In this case the mass action 
expression for reaction (1) reduces to 


9 


1 
v x Po, 


(8) 


which is essentially the relation derived by DaviEs 
and RICHARDSON and which agrees with the ex- 
perimental results between the compositions of 
MnQ}j.0990 and MnOQ}j.005. 


MnO 

The data of Davies and RICHARDSON show no 
temperature effect over the range studied; thus 
the data for each Po, have been averaged irre- 
spective of temperature. The average composition 
as a function of Po, has then been fitted to equation 
(7) by the method of least squares with the follow- 
ing results: 

(a) For oxygen pressures in the range 10-7 to 
10-2 atm (MnQ, 0056 to MnQ}.0442). 


1/5°61 
ve Po. 


(9) 





| 
| 


1100°C 


Table 1. Oxygen pressure in equilibrium with FeO. 


1200°C 
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(b) For oxygen pressures in the range 3-16 x 10-7 
to 10-2 atm (MnQ}j.0081 to MnO}.0444). 


1/6°07 
: ie @ Pos 


(10) 
Thus the agreement is excellent over the latter 
range of composition. Apparently reaction (4) is 
not negligible for compositions below MnQ}.00s. 


FeO 

The data of DARKEN and GurRry are somewhat 
more difficult to evaluate because both tempera- 
ture and Po, have large influences on the com- 
position. When the data are plotted as log Po, 
against 1+ (expressing the composition as 
FeO},z) the experimental points fall on a series of 
straight lines having the ratio CO2/CO as the para- 
meter (the oxygen pressure was experimentally 
adjusted by this ratio and the temperature, and was 
calculated using the equilibrium data implicit in 
the DARKEN and Gurry paper). Thus each line 
connects a series of points taken at different ex- 
perimental temperatures. Points along these lines 
at 1100°, 1200°, 1300°, and 1400° were found by 
interpolation from the actual experimental tem- 
peratures and the resulting points fall on straight 
lines with these temperatures as the parameter.* 
This gives the required information: composition 
vs. Po, at constant temperature and this is shown 
in Table 1. 

The data at each temperature were then fitted to 
equation (7) by the method of least squares taking 
[Fet*+] as x/1+x. The are shown in 
Table 2. 


results 


* This plot clearly shows that all of the data of DARKEN 
and Gurry for CO2/CO = 2:23 are in error in that 
Po, is too high by about 65 per cent for the entire set. 


1300°C 1400°C 





9-45x10-l4atm | 2:13 10-12 atm 
6:60 x 10-12 


2°82 x 10-18 
8°55 x 10-18 2:03 x 10-4 
‘55 x10-12 6-20 x 10-11 


4-60 x 10-19 atm 
1:32 x10-® 
3-84 x 10-9 
1:11 x10-8 


| 3-28x10-11 atm 

| 1-00x10-1° 
3-00 x 10-19 
9-05 x 10-109 


3:20 x 10-8 
9-35 x10-8 


2°73 x 10-9 
8:20 x 10-5 


‘73 x 10-12 ‘91 x 10-10 
2°32 x1071! 5-90 x 10-10 
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The average agreement within 5 per cent over the 
entire experimental range is satisfactory. It appears 
that even for the compositions of least disorder, 
i.e. FeO ,.95, the thermal defect concentrations are 
insignificant. 


1/m 
Oo 


‘Temperature m per cent deviation 


from m = 6 





1100° 
1200 
1300 
1400 


Average 


The extensive equilibrium data of SANBONGI) 


on the Fe—O system have been analyzed with similar 
results. The Feg04-FeO phase boundaries re- 
ported by ScHEeNcK") are in agreement with the 
data of DARKEN and Gurry and of SANBONGI and 
can be included in this analysis. 


DISCUSSION 

The deviations from stoichiometry for the com- 
position ranges MnQj.90g to MnO}j.o44 and FeQO}.5 
to Fe.17 are proportional to the sixth root of the 
oxygen pressure as predicted by a simple mass 
action analysis. A previous statistical mechanical 
treatment of the FeO system by TAKEUCHI and 
Icak1'8) does not use the mass action approxima- 
tion and is thus more rigorous at the expense of 
being much less direct. 

The theoretical analysis of their data for MnO 
by Davies and RICHARDSON neglects electronic 
defects and implies a proportionality between the 
stoichiometric deviation and | ihe Such a 
portionality will be valid only in the range where 
the concentration of electron holes due to de- 
viations from the stoichiometric composition is 


pro- 


negligible compared to that due to thermal dis- 
order. Thus the Davies and RICHARDSON analysis 
is only valid for small deviations from stoichio- 
metry, whereas the treatment outlined in this paper 
is valid for larger deviations. There is thus no need 
to invoke large changes in the cation vacancy 
activity coefficient to explain the failure of the 
Davies and RICHARDSON treatment in the range 
of large deviations from the ideal composition. 
The data of SANBONGI on the FeO system extend 
to smaller defect concentrations than do the data of 
DARKEN and Gurry, and in the former case the 
cation vacancy concentration is also roughly pro- 
portional to Pl? for compositions having oxygen 
contents less than that of FeQj.95. 

The dependence of composition on oxygen 
pressure obeys the mass action prediction much 
more accurately than has generally been found for 
electronic con- 


the pressure dependence of 


duction.) This is to be expected since the com- 
position is a function only of the activity of defects 
whereas the conductivity is a function of both 
defect activity and mobility; the latter is not 
necessarily independent of concentration. 
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LETTER TO THE EDITOR 


Preparation of single crystals of Zn,Cd;— ,.Sb 
by interruption of free crystallization of the 
melt 


(Received 26 July 1960) 


ACCORDING to their equilibrium diagrams, %) semi- 
conducting antimonides of cadmium and zinc do 
not crystallize congruently during the cooling of 


interval between its stable melting point and the 
metastable freezing point of CdgSbe. ZnSb could 
be produced by the crystallization from the melt, 
whose liquidus point was lowered under the peri- 
tectic temperature by the addition of antimony. 
Compounds CdSb and ZnSb, both having an 
orthorhombic structure, form a continuous series 
of mutual solid solutions Zn,Cd,_,Sb.®) The 


TO VACUUM PUMP 


PIPETTE 





MELT. 


QUARTZ 
CRUCIBLE 





GRAPHITE 











H> 


alll 


—QUARTZ TUBE 


SEED CRYSTAL 


“FURNACE 


COPPER BLOCK 











Fic. 1. 


THERMOCOUPLE 


Apparatus for preparation of single crystals in 


the form of platelets. 


the melt. In the case of CdSb the metastable com- 
pound Cd3Sbe is formed first, while the compound 
ZnSb is formed by the peritectic reaction between 
Zn4Sbg and the melt. In order to get pure CdSb 
and ZnSb, polycrystalline samples have to be 
subjected to long and careful heat treatment.) 
Other methods could be used to obtain these 
materials directly. If the crystallization is initiated 
by inoculation with a stable solid phase, CdSb will 
crystallize from the melt, held in the temperature 


same methods can be used for the preparation of 
crystals of these solid solutions. Their final com- 
position, however, does not depend only on the 
composition of the melt, but also on the tempera- 
ture of crystallization. Based on the discussion 
above it is possible to prepare single crystals of the 
system Zn,Cdj_,Sb by current methods,4~”) or 
they can be obtained in the form of platelets, as it 
is described below. 

The apparatus, schematically shown in Fig. 1, 
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allows the temperature to be held constant with 
satisfactory accuracy. The melt is placed in a 
quartz crucible, imbedded in graphite. The 
narrow tube of a quartz pipette can reach the 
bottom of the crucible. A device for throwing a 
seed crystal into the melt is attached to the outer 
wall of the apparatus. The interior of the apparatus 
is filled with purified and dried hydrogen at an 
overpressure of a few mmHg. A tube with an 
observation window is also attached (not drawn 
in the figure). 

The following procedure was followed in our 
experiments: material, prepared separately by 
melting of very pure components in an evacuated 
sealed tube, is remelted in the crucible of the 
apparatus. The pipette is then inserted into the 
bottom of the crucible. After constant temperature 
is reached, the seed crystal is thrown on the surface 
of the melt. 

Around the place where the seed crystal touched 
the melt, crystals of equilibrium phase begin to 
grow. After a few minutes the process of crystal- 
lization is interrupted by swabbing off the re- 
maining melt into the pipette. This is done by 
means of a vacuum pump, after shutting off the 
hydrogen inlet and outlet valves. The critical 
moment for sucking the rest of the melt out of the 
crucible happens when outlines of the platelets in 
the form of distinct rays on the surface of the melt 
are seen. In that time there is about 10-15 per 
cent solidified. 

In the manner described, single crystals of both 
binary compounds CdSb, ZnSb, and also of solid 
solutions Zn;Cdj_,Sb of various compositions 
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were obtained. Some platelets reached the dimen- 
sions of 15x 10x1-5mm. Though the platelets 
grow, as was observed, by the gradual growing of 
needles oriented in parallel, with [001] in the axis 
of the needle, every plate with the orientation (010) 
was a perfect crystal. Supposing that only a small 
part of the melt crystallizes, the composition of the 
crystals Zn;zCd;_,Sb corresponds to the equi- 
librium diagram ZnSb—CdSb and is exactly de- 
termined by the temperature which is kept con- 
stant during the process. 

As compared with the large single crystals pre- 
pared by other methods, the crystals obtained in 
the manner described show greater perfection of 
mosaic structure, higher mobility of current 
carriers, and lower absorption of the infrared. 


Institute of Technical Physics K. SMIROUS 


Czechoslovak Academy of Sciences 
Prague 
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BOOK REVIEW 


P. R. Arcratn: Electronic Processes in Solids. The 
Technology Press of Massachusetts Institute of Tech- 
nology and John Wiley, New York, 1960. 67 pp. with 


13 figs., 32s 


Tuts sHorT book is one of the series of ‘Technology 
Press Research Monographs. It is based on eight 
lectures given at the Massachusetts Institute of 
Technology in 1957 by Professor Prerre R. 
ArGRrAIN of Ecole Normale Supérieure, Paris. It 
was prepared by R. J. CogLHo and G. ASCARELLI 
of the Department of Physics, Massachusetts 
Institute of Technology. ‘The book gives a con- 
densed presentation of the theory of electric con- 
duction in solids. The first half of the book deals 
with some general material in the electron theory 
of solids. It begins with a discussion of the crystal 
Hamiltonian and the adiabatic approximation. 
This is followed by a of the lattice 
vibration and phonon scattering. Then the elec- 
Hartree and 


treatment 


tron wave function is considered. 
Hartree-Fock equations are discussed briefly. 
Bloch wave functions are introduced, and there 
is a section on the k. p perturbation method of 
treating a wave function in terms of the wave 
functions for k = 0. The problem of perturbed 
potential is treated by using the Wannier for- 
malism, and the concept of effective mass is in- 
ferred from the wave equation for the perturbed 
problem. The second half of the book concerns 
specifically the theory of conduction. After dis- 
cussing briefly the Boltzmann equation, a different 


and somewhat unusual approach is used. A vector 
mean free path is introduced in terms of the 
energy gain of the electrons in the applied field, 
and the current density is shown to involve a 
mean free time which is a tensor relating the mean 
free path and the velocity. Various scattering 
mechanisms are then considered. ‘Two sections 
are devoted to the scattering of electrons by 
phonons. The calculation of scattering by ionized 
impurities is outlined. Scatterings by neutral 
impurity and by dislocations and carrier—carrier 
scattering are discussed qualitatively. ‘The book 
ends with a section on the high field conduction 
phenomena. 

This monograph is by nature a treatise inter- 
mediate between a review article and a regular 
book. The discussions are highly condensed and 
many steps in the mathematical developments are 
only indicated. There are some errors in the 
equations but these are mostly trivial and fairly 
obvious. The statement that the phonon drag 
effect is responsible for the T7> dependence of the 
resistivity of metals at low temperature seems to 
be misleading. On the whole, the material is very 
well organized and clearly presented. It should 
be useful for those who wish to obtain an appreci- 
ation of the elements of the theory without being 
burdened by the details. Those who are familiar 
with the subject may also find it interesting to 
read this clear and concise account which contains 
some fresh points of view. 


H. Y. Fan 
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Abstract—To study theoretically the scattering of neutrons from a solid, one normally uses the 
Debye model for the lattice vibrations. Here we have taken a model based on the Born von Karman 
theory of lattice vibrations and applied it to the above problem. Some of the integrals involved can- 
not be evaluated analytically and we have therefore computed them on the T.I.F.R. electronic com- 
puter. The results are presented here with particular reference to neutron scattering from beryllium 


and magnesium. The agreement with experimental data is very good for cold and thermal neutron 
scattering from the crystals at room temperature but not so good for other crystal temperatures and 


higher neutron energies. 


1. INTRODUCTION 
CALCULATIONS of the inelastic scattering cross- 
section of thermal neutrons from isotropic or near 


isotropic lattices are usually made on the basis of 


the Debye model of a solid. A better approach 


would be to use the Born von Karman theory of 


the lattice spectrum. We assume the lattice to be 
completely isotropic, so that the dispersion re- 
lation is the same in all directions, and we take this 
to be the same as for a linear chain of equally 
spaced mass points, each point carrying the same 
mass and with interaction confined between nearest 
neighbours. This model has been applied to the 
neutron scattering problem by KorHari"). BARBER 
and Martin") have used the same model to cal- 
culate the specific heat of aluminium as a function 
of temperature and they find that the theory gives a 
better fit with experimental data. 

The theory of neutron scattering based on the 
Born von Karman model involves integrals which 
are too complicated to be solved analytically except 
in a few limiting cases. We have therefore pro- 
grammed for these integrals and evaluated them) 
on the T.I.F.R. electronic computer.) Taking the 
particular cases of beryllium and magnesium, we 
present here some results for (i) the partial scatter- 
ing cross-section o(£,—> £2), for a neutron of 
energy £) being scattered into energy £2, (11) total 
scattering cross-section o(£}) and (iii) the mean 
energy of the scattered neutrons, for various neu- 
tron energies and scatterer temperatures. The 


M 


incoherent approximation®) has been used and 
generally we have calculated the first term of the 
Placzek expansion) so that some multiphonon 
contribution is also taken into account. 


2. SCATTERING CROSS SECTION 
In the incoherent approximation, the first term 
of the Placzek expansion gives a cross-section* 1) 


ol(E, > E>) = [4(S+s)/73M] x 
[é 


014 I 2f fg a(x, a, b)+ apy a(x, a, b)+ 


24 fs o(ax, aa, ab)+ 


aafy (ax, aa, xb)}] 
where 


in (x, a, b) 


— 1 }(sin-1x)2x-1(1 — x‘ 


Y 
(a+x)” “f coth 
2b 


(2) 


S is the coherent and s the incoherent bound 


scattering cross-section; M 
scatterer mass to the neutron mass, €9, and £97 are 


m/mpo is the ratio of 


respectively the energies of longitudinal and trans- 
verse phonons corresponding to the maximum 
wave-vector fo. The other symbols are defined by 


a=E, 01, b= koT fox = T 6, 
x = €or/Eor = 91/Or (3) 


x = €/Eoz, 


* Notation used is the same as in Ref. (1) which may 
be consulted for details. 
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where € is the energy of a phonon, 7 the tempera- 
ture of the scatterer, ko the Boltzmann constant and 
6,,, Op are the ‘characteristic’ temperatures for long- 
itudinal and transverse vibrations respectively. The 


total scattering cross-section would be given by 


ab) + aly jo(aa, «b)}] 
(5) 


njo(x,a,b)dx. (6) 


Values of Iy;2(a, b) for 


Table 1. 


1441 
‘6382 
-3218 


‘O861 
-4834 
“0506 
6825 
+3436 
“0200 


‘8651 


WwW = 


-7056 
*3968 
0919 
‘7898 


uw & WN bh 


wu & 


‘9607 


Table 2. Values of I3)2 


‘0429 ‘0768 
+4954 
‘1164 
*8153 
?-5496 


“In & be 
« Iw 


3-3025 

‘0664 
4 +837 3 
3° 5-6129 


4-4804 6:3918 


wr nd 


— jo 
No = 


‘6660 


0-6652 
1°4865 
2°5658 
‘0772 525 3-7411 
c 4-9595 
‘6700 38: 6°2006 
‘4850 5-3: 7°4550 
3064 -288 8-7178 
1320 7:2 9-9863 
11-2587 


b) for various a and b 


0-3820 
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The integrals Injo(a,b) have been evaluated for 
n =1, 3, 5 and 7 and for 0 < a,b < 2-0 at an 
interval of 0-2 for both a and 5, (and also for 
a =()-1). The detailed results are given in an 
internal report®) (which can be obtained on re- 
quest), and here we give only some values of [1/2 
and J3/2 in Tables 1 and 2, respectively. 

The mean energy of neutrons after scattering is 

] a 


EF, = —— 
oF) J 


ol(E, —> E2)E,dE2, (7) 


which in the present case reduces to 


[4(S+5)/73M] x 


) 
Is 2(a, b) + alg jo(a, b)} + 


2Eqr(aa)-/*4T5 jo(aa, ab) + xals jo(aa, ab). 


(8) 
0] 


various a and b. [1i/2(a, 0) 


1-0 1°6 2:0 


30854 3°7771 
4-4000 5 +2620 
6-1641 7:2581 
80965 9-4456 
10-1047 11-7194 
12-1528 14-0386 
14-2243 16°3845 
16-3107 18-7472 
18-4070 21-1214 
20°5104 23 -5036 


+3202 
-2841 
3-5578 
-9465 
-3870 
7°8545 
+3381 
10-8317 
12-3321 
13-8373 


30416 
*7558 
-4892 
+2349 
9888 
7486 


values. 


‘6571 4°8547 
-9293 5: 8-0101 
3-6861 3 12-2899 
5 6264 16-9926 
6497 21-8859 
‘7166 26°8797 
11-8092 31-9324 
13-9180 37-0225 
16-0379 42-1377 
18-1654 47-2708 
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3. LIMITING CASE 
In the case of cold neutron scattering a < 1, 
from solids at temperature greater than their 
Debye temperature, ) > 1, one can evaluate the 
integrals Inj2 analytically. Because of general 
interest in this problem we shall now discuss this 
limiting case a < 1, b > 1. Since the algebra in- 
volved is rather long, we shall indicate the method 
of evaluating the integrals and give the final results. 
In the limit under consideration, we expand the 
coth function as a power series in x/2b. Further the 
range of integration is divided into two parts, one 
from —a to a and another from a to 1. In the first 
range we expand (a+.)”/2 as a power series in x/a 
whereas in the second range we use a power series 
expansion in terms of a/x. If we write 
Tn j2 = Pn 2+ On /2 (9) 


then the first integral gives 


Pn j2(a, 6) = 8[2%/2aln+2)/25/(n + 2)] x 


na 
!-> + | 
2(n+4)b 


whereas the second one, in terms of y - 
becomes 


On (a, b) = [ 


sin ‘a 


v2 sin”/2y dy x 


sin?y 


45(2b)3 


na sin y 


-90(2b)3 


na I 


| 
6b . (; 2b " aa " 


na 


(2s ——+ 


— 1 
2 48b “| 


. 9 , ye 
sin?y 
(11) 
To integrate this further we make use of the 
following result‘) 
y? = 2?/4—(8/7) x 
_— liane Seales i. > 
COS V,a9 + 44 SIN“y + dg sin*y + ag sin°’y+ ...5 


(12) 
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where 


=—_ = 0-968946, 
32 


7 
— — = 0-091774, 
8 


Q772 
pani —5] = 0-036105, 
16 


259 
—} = ()-020270. 
45 


- 9 
on 


Terms involving powers of sin and a cos function 
can be directly integrated, whereas terms con- 
taining powers of only sin function can be evaluated 
in terms of the beta function 


n/2 


B(m, n) = 2 sin2”-1@ cos2"-16 dé 


0 


= [(m)0(n)/T'\(m+n). (13) 


After some straightforward, though rather lengthy 
calculation, one arrives at the result 


| Asin 
45(2b)3 


naAs » 


90(2b)3 


cag 
6) 12b 


na 


(25 < 


n(n—2) a? 


48 


where 
m+n+2 | 


4 3) 


a 


Ann = (772/8)BI- 


“( ao 
a \m+n+2 


ag 


m+n+6 


\ 


a3 ee. 
° + ——— =} “af (15) 
m+n+10 m+n+14 
Since the coefficients A,» do not involve either 
the energy or the temperature variable, these can 
first be calculated. Then it is simple to find Ong for 
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Table 3. Constants used in the calculations, for the metals beryllium 
and magnesium 


Meg 


2029 A 


5 
5-2000 A : 

23-0982 x 10-24 cm? 8-0563 x 10-4 cm? 
2:295A 615A 

5-858 x 10° cm/sec 12-36 x 10° cm/sec 
3-070 x 10° cm/sec 8-179 x 10° cm/sec 
389-6°K 1168-1°K 

204-2°K 773:°0°K 

3-7 barns 7°54 barns 

24°32 9-2 


d is the average particle separation in the lattice. Coz and Cor are the 
limiting velocities for longitudinal and transverse waves respectively. The 


other symbols have been defined in the text 
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NEUTRON ENERGY IN UNITS OF Ky 


Fic. 1. The partial scattering cross-section o1(E; > E2) plotted, after multiplying by 1000 ko, as a 

function of the final neutron energy E2 for E1 = 1200 ko, for beryllium at a temperature of 300°K. 

The dashed lines represent the one-phonon results. The corresponding curve for 1000 ko X o1(E1 > E2) 
on the Debye model is indicated by D. 
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any given a and b. The results obtained by using 
the formulae (9), (10), (12) and (15) agree with the 
earlier results obtained by direct integration to 
within a few per cent. 


4. RESULTS AND DISCUSSION 


The above model has been used to study neutron 
scattering from beryllium and magnesium metals 
both of which have a hexagonal close packed struc- 
ture and have fairly isotropic elastic properties. 
Lattice parameters‘) a (this should not be con- 
fused with a = £)/£,) and c and other constants 
needed in the calculations are given in Table 3. 

Using these constants in equations (1) and (2) 
we have calculated the partial scattering cross- 
sections o!(£, — £2) for beryllium at 300°K and 
for neutrons of initial energy Fj 1200 ky and 
30 ko. The results* are shown in Figs. 1 and 2 re- 


*In plotting we have multiplied o(£i ~ Ee) by 
1000 ko, so that the units of the product are barns 
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spectively. In Fig. 1 the dashed line gives the one 


phonon results. For comparison, we have cal- 


culated o1(£ —> Ee) for beryllium at 300°K and for 
E; = 1200 kp on the Debye model® (curve D of 
Fig. 1) retaining the first term of the Placzek ex- 
pansion. This gives results which are very different 
from those obtained on the present model. The 
Debye model gives a broad maximum as compared 
to two sharp maxima at Ey = £\ +kpo Or (besides 
two other minor maxima at Ly = F£) + ko 07) given 
by the present model. This is to be expected, since 
in our model the cross-section depends directly on 
the form of the frequency distribution function")? 


g(€) [see equation (4.14) of Ref. (5)]. It is easy to see 


that the peaks in Figs. (1) and (2) correspond to the 
singularities of g(€) which is very different from the 


2(€) of the Debye model. The mean energy of the 


scattered neutrons on the Debye model is nearly 
1005 ko whereas on the present model it is near 
955 Ro. 

For a scatterer of large .W, the main contribution 


— ad — —— ———— 
700 800 900 1000 1100 1200 1300 


FINAL NEUTRON ENERGY IN UNITS OF Ko 


Fic. 2. The partial scattering cross-section o1(Z; — E2) plotted, after multiplying by 1000 ko, as a 


function of the final neutron energy £2, for £1 


30 ko, for beryllium at a temperature of 300°K. 
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INITIAL ENERGY OF NEUTRONS 


IN ELECTRON-VOLTS 


Fic. 3. Total inelastic scattering cross-section of neutrons as a function of the initial neutron energy 
for beryllium at different temperatures. The experimental data, after subtracting the absorption 
part, are indicated by crosses. 


to the scattering cross-section comes from the first 


term of the Placzek expansion. The contribution of 


two phonon processes in the energy and tem- 


perature range of interest is also comparatively 


small since that again varies as 1/M?. (Higher 
phonon processes will contribute even less.) In 
such a case one observes that the energy depend- 
ence of the differential scattering cross-section for 
for the 


neutrons scattered at 90° is the same as 


integrated (over angle) cross-section 


It should therefore be possible to decide at least 
qualitatively between various models of lattice 
vibrations by studying the energy distribution of 
neutrons scattered at 90° for a polycrystalline 
sample. On the present model one expects two 
peaks roughly at E> E, + ko 67, whereas on the 
Debye model one would expect only a flat distribu- 


tion. 


£ 


In Fig. 3, the total inelastic scattering cross- 
section in beryllium is plotted as a function of 
initial neutron energy for different temperatures. 
Comparison with experiment!) can only be 
made in the cold neutron region since we have not 
considered the elastic scattering contribution. The 
frequency distribution affects only the Debye 
Waller factor in the case of elastic scattering and 
hence this cross-section is not very sensitive to the 
frequency distribution assumed. The calculations 
on the Debye model have been made by BHAN- 
parRi"ll), At JT = 300°K the agreement with ex- 
perimental data is good. (For comparison, one 
must subtract the absorption cross-section Gaps, 
from experimental values. For beryllium, caps. 

10 mbarns at 2200 m/sec). At a beryllium temper- 
ature of 900°K, the experimental value) of the 
inelastic scattering cross-section is nearly 6 barns 
whereas the value on the present model is 5-8 
barns. Detailed the total one- 


phonon scattering cross-section has also been 


calculation of 


made on the present model using equation (24) of 
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Table 4. Comparison of the inelastic scattering cross-section of neutrons in 
beryllium obtained on the present model with Bhandari’s values 


Values on the present Bhandari’s 
E;/ko model (barns) values (barns) 
(°K) ——— ——__—_—— — 
o3(F}) o1(F1) 


900°K 10 4-0867 5°7751 3°8 5-082 
300°K 10 06342 -7303 -735 -750 
30 -4560 495 512 
300 -4142 ° “480 
900 *3562 , ‘271 
1200 385: 2254 515 ‘810 


o1 and og are the one-phonon and two-phonon scattering cross-sections 


respectively. 


Ref. (1), for an initial neutron energy of 10 ko, at — sections of BHANDARI"), For low values of neutron 
the two beryllium temperatures of 300°K and energy and crystal temperature, the contribution 
900°K and for 1200 ko at 300°K. In Table 4 these of the second and higher terms of the Placzek ex- 
results are compared with the values obtained by _ pansion to the scattering cross-section is small and 
retaining only the 1st term of the Placzek expan- the detailed calculation gives values which are very 
sion and also with the one and two phonon cross-_ close to the values of o!(£;). Also these values 
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INITIAL ENERGY OF NEUTRONS IN ELECTRON-VOLTS 
Fic. 4. Total inelastic scattering cross-section of neutrons in magnesium at different temperatures 
as a function of the initial neutron energy. Crosses represent the experimental data after 
subtracting the absorption part. 
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agree well with Bhandari’s values. But, for large 
neutron energies and high temperatures, the ex- 
ponent of the Debye—Waller factor becomes large, 


and the first Placzek term cannot be expected to 
give correct values, especially for substances like 


beryllium which have low M values. 


The total inelastic scattering cross-section of 


neutrons in magnesium is represented in Fig. 4. 
The experimental points) are marked as crosses. 
(Absorption cross section of neutrons in magnes- 
ium is 63 millibarns for a neutron velocity of 2200 
m/sec.) Here the agreement with experimental 
values is very satisfactory at a magnesium tem- 
perature of 300°K. Even at high energies, the first 
Placzek term will give good values because of the 


comparatively large mass of magnesium. 
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Abstract 


An experimental and theoretical study of the connection between the low field Zeeman 


spectra and high field photoionization spectrum of donor impurities in germanium is presented. It is 
shown that at high fields the absorption maxima that occur in the photoionization spectrum corre- 
spond to transitions to Landau levels which are bound by a coulomb force to the parent donor im- 
purity. As the magnetic field is decreased some of the lines in the photoionization spectrum remain 
sharp and pass into Zeeman lines while others have no small field counterpart. These are metastable 


and become increasingly diffuse with decreasing field. 


INTRODUCTION 

THE ZEEMAN spectra of the levels introduced into a 
semiconductor by an impurity have been studied 
by several observers.:2,3,4) In general, at low 
fields the spectra obtained experimentally agree 
very well with those expected from the hydrogen 
model. The effective mass and its anisotropy in the 
band nearest the impurity level are reflected 
directly in the spectra obtained. ‘This in some cases 
leads to a more complicated spectrum than in the 
atomic case but can be used to determine the 
effective mass parameters of the electron band in 
question. 

A feature of some interest is that the equivalent 
fields that can be obtained experimentally are much 
larger than in the case of atomic spectra. By equi- 
valent field we mean that field which leads to the 
same spectroscopic splitting when measured in 
Rydbergs of the two systems. This arises from the 
small effective masses that occur in certain semi- 
conductors; in germanium for example, with the 


* Work supported in part by the Office of Naval 
Research. 


+ Present address: National Bureau of Standards, 


Washington, D.C. 


field normal to a low mass direction, the Zeeman 
splitting at 20 kG of a 2p state is comparable to the 
binding energy at zero field. 

It has also been found that the photoionization 
spectrum shows pronounced periodic structure in 
a magnetic field.“ This was ascribed to the 
periodic variation of the density of states in the 
continuum of the band when the band is broken 
up into a series of Landau sub-bands by the mag- 
netic field.) This leads to an increased absorp- 
tion coefficient for photon energies where transi- 
tions from the ground state of the impurity to the 
bottom of each Landau The 
period obtained experimentally agreed quite well 
with this model. However the ionization energy 
of the impurity deduced by extrapolation differed 
considerably from that predicted by the effective 
mass theory. In addition, the first two oscillations 
in the absorption coefficient showed fine structure 
which was inexplicable from the model based on 


sub-band occur. 


transitions to free Landau levels and it was 


assumed that these arose from bound Landau 


levels split off from the continuum by the coulomb 

perturbation of the impurity level. Howarp and 

Hasecawa®:7) have now shown that the absorption 
I 
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coefficie ntata Landa l edger is finite and continuous 


1 of photon energy and that in the limit 
fields the 


; from th 


matrix elements for optical 


ground state of the impurity 


i 


yntinuum Landau states become vanish- 
_ and in this limit all transitions are to 
will 

| 


In this paper we 


the Ory 


Landau levels. 

experiment how 
change with increasing magnetic 
high fi ld bound 


pectra 
how the Landau levels 


cted to the low field Zeeman levels. 


1. THEORY 
\da) De 110) levels 
In the to be discussed the field was 


oriented so 


¢ xperiment 


as to make an equal angle with the 


symmetry axis of each of the conduction band 


ellipsoids; thus each state described in an effective 
mass approximation is fourfold degenerate. ‘The 
absence of an axis of rotational symmetry, how- 
ever, makes a complete effective mass description 
of these states difficult. We shall therefore consider 
the relatively simple case where the field is oriented 
along one of the conduction kand symmetry axes 
and discuss levels associated with the conduction 
band minimum that lies on this axis. Because of 
the large ratio of the longitudinal to the transverse 
electrons in germanium, the 


effective masses of 


effect of a field component perpendicular to a 
symmetry axis upon effective mass energy levels 1s 
small. Hence we may expect the following dis- 
cussion to provide a basis for an understanding of 
at least the qualitative features of the data. 

We assume a uniform field /7 in the 
take along the 


effective mass hamiltonian describing 


longitudinal 


direction which we z axis. The 


ropriat 


} may be written 


and 
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Here m;, m, and « are the transverse and longi- 


tudinal effective masses and the static dielectric 
constant respectively. These parameters have the 


following values for germanium: 


my (1-6 + 0-008), m, (0-0813 + 0-CO2)mo, 


16. 


The energy levels of the above hamiltonian have 
been discussed in the limiting cases of very small 
and of very large magnetic field strengths. The 
hydrogenic solutions for zero field were treated by 
Koun'’), while HarrRrInc® 
order Zeeman splitting. In the other limit (where 


considered their first 


the field is so strong that the coulomb term in the 
hamiltonian may be treated as a perturbation), 
Yaret et al.) have shown that the following are 
good approximate eigenfunctions and become exact 
in the limit 7 —> « 

Vy, M, Vy. Dy a(x, v) fn, uw, (8); 


where 


HM Pn u(x, ¥) (N+1] 2)\hayP y, u(x, ), 


eH /mic. 


so-called 


The energies (N+1/2) hw, 


the 


Here Wt 


are the Landau energies. M is 
quantum number of the angular momentum in the 
z direction. (Note M/ N). ] xplicitly 
(—1)VN![20-7N1(N— M!)]-1/2 > 


Dy, u(p, >) 

l/p\-™@_ 
| LM (p? 2A?) exp(— p2/4A?) exp 1MO6, 
A\A . 


(1.6) 


1 
vhnere 


| 
v expx 
N! dx 


*'These functions were also used by WALLIS and 


BOWLDEN'? 
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- ; (2) a 
rhe functions fy,17,, satisfy the equation 


| d?fny, mM, u(2) 


_ + Vy m(2)fN, mM, (2) 


2m dz 


(1.7) 


EN, M, 11 fn, M, (2%), 


where 


Fic. 1. High field level scheme. 


Equation (1.7) has an infinite number of discrete 
solutions for which ey,y,n < 0, = 0,1, 2..., and 
a continuum solution for which ey 37, > 0. The 
total energy of a state (N, M, ») measured from 
the zero field ionization edge is given by 


En, m,u = (N+1/2)hoy+ n,m, w (1.9) 


A diagram of the level scheme is shown in Fig. 1. 
Associated with each Landau edge N, there are an 
infinite number of bound states pulled down by 
the coulomb potential, and also a continuum 
solution. It may be shown that for each pair 
(N, M,)en,m.0 infinite as 
—(log H), (A - 


however, approach finite negative values in this 


becomes 
- oo). All other discrete ey,y,n, 


negatively 


limit. 


(b) Connection between high and low field states 
Over most of the range of the present measure- 
ments the field strength corresponds to neither of 
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the limits considered above. It is, therefore, parti- 
cularly instructive to investigate how the zero field 
hydrogenic levels go over into levels described in 
the high field approximation as the field strength is 
increased. Such correspondence can be easily 
found from the following considerations.* ‘The 
hamiltonian (1.1) is invariant under inversion and 
under rotation about the z axis; hence P and M are 
good quantum numbers for all field strengths. 


Correspondences 








Fic. 2. Correspondence between low and high field 
states. The parity of a state (N, M, py) is even or odd 


when M +-p is respectively even or odd. 


Since there is no other symmetry operation under 
which # is invariant, levels having the same values 
of P and M cannot be degenerate; i.e. two such 
levels cannot ‘‘cross”’ as the field strength is varied. 
Using this principle we have constructed the 
correspondence scheme shown in Fig. 2 for a few 
of the low-lying levels. 

More generally, it is easy to see that the above 
no-crossing principle implies that the high field 
states with e« < (0) divide themselves into two 
classes: those that do and those that do not corre- 
spond to zero field bound states. ‘The former states 
are those for which N = 0, and also those for 

* Our discussion here is closely similar to that of 
KOHN and LutTINGER™!) on the connection between 
states described in the hydrogenic and in the “‘adiabatic’’ 
limits. 
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which N > 0, N Vl. No such correspondence 
exist for the remaining high field states (those for 
which N > 0, N > M). This division may also be 
seen from another point of view. All states (e < 0) 
for which N > 1 are degenerate with continuum 
states. Of these, states with N M are de generate 
only with continuum states of small values of M. 
Hence matrix elements of the coulomb term in the 
hamiltonian, which might mix these states with the 
continuum, vanish. On the other hand those states 
for which N V are connected, for finite field 
strengths, to the continuum by a non-vanishing 
matrix element of the coulomb term in the hamil- 
tonian. Therefore the class of high field states that 


correspond to zero field states are truly discrete; the 


3. Qualitative dependence of 2p, MW +1 states on 


field strength. 


Fic 


class of high field states that do not correspond to 


zero field states are metastable and have a finite 


probability of decaying into the continuum. Be- 


cause of this, we would expect an optical transition 
to one of the metastable states to appear broadened, 
and to eventually disappear as the field strength is 
lowered. A transition to one of the truly discrete 
states, on the other hand, should appear sharp 


down to zero field. 


(Cc) 2p, M + 1 levels* 
We have sketched in Fig. 3 the qualitative be- 
havior of the 2p, M 


field strength. In a small field, the energies of these 


+ 1 levels as a function of 


levels measured from their positions at zero field 
are given by the equation 
(1.10) 


Eon M T Lhay 


* These are the usual hydrogenic states where we use 
M to denote the magnetic quantum number. 
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Therefore, the initial slopes of the WV + 1 levels 
as functions of H are +(eh/2m;,c) respectively. For 
high fields, we have the correspondences 

2p, M 

2p, M 
and the limiting energies 
(1.11) 
(1.12) 


Ey. 1.0 3/2hw;— const. (log H)?2 


Eo, 1/2ha,— const. (log H)?. 


1.0 


The slopes of the 2p, V +1 levels, therefore, 
change continuously from their initial values to the 
limiting values 3(eh/myc) and +4xeh/mec re- 


spectively. 


TRANSITIONS: ABSORPTION AT 
LANDAU EDGES 
Only excited states for which M = 


be reached from the ground state by optical dipole 


2. OPTICAL 


+1 or 0 can 


transitions. If we assume a high field description, 
transitions are then allowed to continuum states 
above each Landau level, to discrete states be- 
the N = 0, both discrete and 
metastable discrete states beneath N l 
level and to metastable discrete states beneath 
Landau levels for which N > 1. 

The intensity of transitions to states in the im- 


neath level to 


the 


mediate neighborhood of a Landau edge has been 
a question of considerable interest. WALLIS and 
BOWLDEN") assumed that continuum states at a 
Landau edge could be described in a Born approxi- 
mation. This is equivalent to neglecting the effect 
of the coulomb term in the hamiltonian upon these 
states. Accordingly they calculated that the ab- 
sorption coefficient becomes infinite, (for AM = 

1, and in the absence of broadening), at wave- 
lengths corresponding to transitions from the 
ground state to Landau levels. Upon this basis, 
they predicted peaks in the absorption spectrum at 
such wavelengths. 

Recently, however, it has been shown that the 
effect of the coulomb perturbation upon transi- 
tions to continuum states near Landau edges is of 
critical importance. »7-!2) It can be shown that if 
the coulomb perturbation is properly taken into 
account, the infinities in the absorption coefficient 
are removed. The absorption coefficient as a func- 
tion of photon energy becomes finite and continu- 
ous at a Landau edge. Further, the magnitude of 
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the absorption per unit energy at a Landau edge 
tends to zero in the limit H — oo. In this limit, 
however, transitions to bound states beneath 
Landau edges become intense. 

In view of these results, we should expect that 
transitions to states at Landau edges do not appear 
prominently in the magneto-optic absorption 
spectrum, but rather that intense peaks in the 
spectrum correspond to transitions to bound states 
well separated from Landau edges. We shall see 
that the experiment supports this interpretation. 


3. EXPERIMENTAL RESULTS AND 
INTERPRETATION 
All the data presented here was obtained from a 
germanium sample with 1-5 x10! arsenic im- 
purity atoms per cm® and 0-05 cm thick. This is a 
considerably lower concentration than that used in 


the previous experiments and leads to much better 


defined lines in the region of the spectrum near the 
ionization edge. Both the magnetic field and the 
direction of propagation were along a [100] crystal 
axis. 

Monochromatic radiation from a grating spectro- 
meter was introduced through the bottom of the 
cryostat. Immediately before reaching the sample 
the beam was split with a half mirror. A large 
fraction of this beam passed through the sample 
and then a bolometer detector; the remainder was 
monitored by a second similar detector. In this 
way an accurate normalizing spectrum was ob- 
tained. ‘This procedure was found to be necessary 
even in the flushed system because of the difficulty 
in removing residual and fluctuating water vapor 
absorption. Care was taken to reduce strain 
broadening by etching at least 4x 10~% cm from 
the sample, and thermal stresses were reduced by 
attaching the sample to the cold finger at only one 
end. ‘The helium bath temperature was 1-5°K and 
the sample temperature was estimated from the 
resistance of the control bolometer to be not more 
than 0°5°K above this. 


(a) 2p, M = +1 levels 

(1) Field dependence. Fig. 4 shows the Zeeman 
splitting of the zero field 2p, M + 1 levels up to 
field strengths of 30:-2kG. The experimental 
curves agree qualitatively with those of Fig. 3, 
except that at the highest experimental field 
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strengths the 2p, M = —1 level has only just 
begun to turn upwards. 

We have attempted to calculate in some detail 
the field dependence of the 2p, M = +1 levels. 
We have neglected the component of the magnetic 
field perpendicular to the [1, 1, 1] direction and 
have described the electron by the hamiltonian 
(1.1) containing an effective field H’ equal to the 





SR mas 
See o>. s-- -- 


Sr. = =) 








10 
MAGNET 
Fic. 4. 2p, M = +1 levels: the full lines are drawn 
through the measured values indicated ; the dotted lines 
represent a variational calculation of these levels. The 
zero field measured and calculated energies have been 
placed in coincidence. 


component of the field strength 7 parallel to the 
(1, 1, 1] direction te. H’ = H/y/3. It may be 
shown that within the effective mass approxima- 
tion, the energy computed by this procedure 1s 
correct to first order in H; it is correct to all orders 
in H if the ratio m;/m, — 0. For donor electrons in 
germanium m;/m; = 0-05. Hence we expect our 


approximations to be good, at least qualitatively, 


over the whole range of the experiment. 
For the 2p, M=1 state, a two-parameter 
variational function of the proper symmetry ts 
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given by 


1 1,0(p; d, z)= px 


| Qorr’2 J 


“71 / 


e”22]/4\’2 exp id 


(3.1) 


Here A’ = hc/eH’. The appropriate variational 
function for the 2p, M —1 state, ‘Vo,1.0, is 
identical except that exp 7¢ is replaced by exp —i¢. 
The variational parameters ¢€; and eg are deter- 
mined from the condition that (‘1.1.0.47".1.0) 
E\.1.0> be a minimum. (#’ is the hamiltonian 
(1.1) containing the effective field H’.) It is clear 
1 and 


and 


that the variational energies for the 2p, M = 
the 2p, M= -1 E\,1,0 


<Eo,1,0>, are related at all field strengths by the 


states, viz. 


equation 


Eo. -1.0 how's, (3.2) 


Fi,1,0>— 


and 
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and 
yy *? | ‘d nay ) 
fo,-1,0;+ = (E£o,-1,0—Z)| <0, —1, Olx+zy|0>|2, 
(3.4) 
respectively, where Ep is the ground state energy. 
The matrix elements appearing in these expres- 
sions are equal. Hence the ratio of the intensities is 
given by 


fo,- ,0; Eo -1 0— Eo 
fi,1,0; E1,10—£o 


(Ei 1,0—£5) 
(3.5) 
This predicts that for H’ > 0, transitions to the 
M = +1 state are more intense than those to the 
M = —1 state. This is observed experimentally. 
For the field strength H = 19 kG, the ratio of the 


Table 1 


where 


= eH’ /miec. 


Wt 


Results of this calculation for several field st rengths 
are listed in Table 1. Here the variational energies 
are measured from the zero field ionization edge. 
The zero field energy is about 10 per cent higher 
than the value —12-9 cm~! calculated by Koun'®?, 
In Fig. 4, we have put the experimental and cal- 
culated zero field energies (now measured from the 
ground state) into coincidence. The fit of the cal- 
culated and experimental curves is seen to be in 
good qualitative agreement. This justifies our 
neglect of the perpendicular field component. 
(ii) Relative intensities. The intensities of transi- 
tions from the ground state to the 2p, M = +1 
and M 


lator strengths. © 


fi,1,0; (Ei 1,0— Eo) 


—1 states are proportional to the oscil- 


) 


1,1, O|x—2y/0 


¢Ei,1,0>, em=} 


—11-4 
_ 9-31 
— 2:38 

8-64 


transmission minimum of the 2p, M = —1 state 
to that of the 2p, M = +1 state is found from 
equation (3.5) to equal 0-89. The observed value is 
0-82. 


(b) Higher energy levels 

The spectra of Fig. 5 show the relative trans- 
mission plotted against photon energy for field 
strengths H equal to 0, 19-0 and 30-2 kG. In Fig. 6, 
the photon energies at which transmission minima 
occur are plotted against field strength. The lines 
labelled (3) and (4) on this figure are easily 
identifiable since they go back smoothly to the 
3p, M = +1 zero field states. In the region above 
3 kG the 3p, M - 
solve because of its proximity to the more intense 
2p, M 
3p, M 
unable to explain its absence. Calculation of the 
field dependence of the 3p states has not been made 
because of the complexity of the appropriate 


—] state becomes hard to re- 


+1 peak, however at the largest fields the 
—1 line should be resolved and we are 
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variational trial functions. It should be noticed, 
however, that as for 2p, M = 1 level, the slope of 
the 3p, M = +1 level continually increases as a 


———— 
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TRANSMISSION IN ARBITRARY UNITS 








100 110 120 130 140 
FREQUENCY IN CM™! 
Fic. 5. Relative transmission coefficients as a function of 
frequency for H = 0, 19 and 30-2 kG. 


function of H, reaching a value of about 0-7 
cm~/kG at the highest field strengths. This value 
is still considerably less than the limiting slope 
3 x eh/mz x 1/4/3 = 1-01 cm-1/kG. 














MAGNETIC FIELD IN KILOGAUSS 
Fic. 6. Minima in the transmission coefficient plotted as 
a function of field strength. The straight lines in the 
figure are the plots of the Landau edges J+-(N+1/2)hia, 
for N = 0, 1, and 2. 


No clear correspondence to any zero field states 
appears for any of the states higher than 3p, M = 1. 
We have, however, estimated the energy of the 
metastable state (2, 1, 0) i.e. the lowest M = 1 
state associated with the Landau edge N = 2, for 


the field strength H = 30 kG (H’ = 17:3 kG). For 
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this purpose the following one-parameter varia- 
tional trial function was chosen: 


Y'2,1,0(p, d, 2) = _ x 


exp — (e222 4X") Do 1(p, ¢), 


where ®21i(p, ¢) is given by equation (1.6). 
hc/eH’. For H = 30 kG we find 


Again A’? = 


F310> = 8hw';—21-0 cm! = 29-6 cm-!, 

This is the energy of the (2, 1, 0) state measured 
from the zero field ionization edge. The donor 
ionization energy as found from the zero field data 
using KOHN’s calculations of the zero field energy 
113 cm-!. Hence the the 
(2, 1, 0) state measured from the ground state is 
142°6 cm~!. On the basis of this result, we should 
identify the strong transmission minimum that 
occurs at about 146 cm~! for H = 30 kG as due to 
a transition to the (2, 1, 0) state, and hence label 


levels, is energy of 


line (5) on Fig. 6 as corresponding to such transi- 
tions for weaker fields. In our estimate of the 
energy of the (2, 1, 0) state, we have again neglected 
the field component perpendicular to the [1, 1, 1] 
direction. This probably introduces a more serious 
error than in the corresponding calculation for 
the (1, 1, 0) state: it tends to underestimate the 
energy. 

We have not attempted any calculations for 
levels lying along line (6). We should guess, how- 
ever, by analogy with lines (4) and (5) that these 
states are the lowest MW = 1 states associated with 
N = 3, i.e. they are states that correspond to the 
high field metastable state (3, 1, 0). Our interpreta- 
tion of states on lines (5) and (6) as metastable 
states associated with Landau edges N = 2 and 
N = 3 respectively is consistent with the following 
observations: (1) these states broaden and eventu- 
ally fail to be resolved as the field strength is de- 
creased. This is characteristic of metastable states 
as discussed in Section 2(b). (2) The slopes of the 
lines (5) and (6) as a function of H are, at the 
highest field, about 1-6 cm~!/kG and 2-1 cm-4/kG 
respectively. These are less than but nearly equal 
to the limiting slopes of bound states beneath the 
N = 2and N = 3 edges of 5/2(eh/mic) x 1/4/3 = 
1-8 cm /kG and 7/2(eh/mic) x 1/+/3 
kG respectively. 


2:5 cm! 
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4. THE IONIZATION ENERGY 

There appears to be no simple way of finding the 
zero-field ionization energy from the magneto- 
optic absorption data, contrary to the expectations 
of previous work.®) There, the magneto-optic ab- 
sorption spectrum measured at two field strengths 
was analyzed on the assumption that strong trans- 
mission minima corresponded to transitions to 
states at Landau edges. But the present measure- 
ments of the absorption minima as a function of 
field strength indicate that this assumption is not 
correct. 

In Fig. 6, we have plotted the ‘‘cyclotron’”’ 
Landau energies /+(N+1/2)hw,;, where J is the 
zero field ionization energy which is taken equal to 
113 cm}. 


where the cyclotron mass m, is equal to 0-13 mo for 


w, is the cyclotron frequency eH/m-c 


electrons in germanium.* It is observed that for H 
equal to the highest field strengths lines (4), (5), 
0, 1 


and 2 respectively. We believe that this is fortui- 


and (6) just intersect the Landau edges N 


tous. At lower field strengths and also, if our inter- 
pretation of these lines is correct, at higher field 
strengths, there is no strong absorption in the 
neighborhood of Landau edges. At a field strength 
of 30 kG, the bound states to which lines (4), (5) 
and (6) correspond lie at a spacing of about 
hu, 22 cm~! beneath their associated Landau 
edges (N = 1, 2, 3 respectively). That this is to be 
expected for the (2, 1, 0) state was shown by our 
variational estimate. 

It would be possible to find the ionization energy 
from the magneto-optic data by carrying out a very 
the 
| state) as a function of field strength. As 


careful level calculation (of say 


in our rough calculation, we would compute the 


energy 


* Note that the “effective field’’ Landau energy 


““cyclotron”’ 
In the 


eh/2mec X H/,\/3 = 0:34 Hem and the 
energy (eh/2mic)H = 0-36 H are closely equal. 


limit m:/m, — 0, they become identical. 
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energy of a state relative to the ionization edge. A 
comparison of this value with the measured value 
would yield the ionization energy. This, of course, 
is similar to the procedure used in finding the ioni- 
zation energy from zero-field data, and, therefore, 
appears to have no special advantages over the 
zero field method apart from providing a rather 
searching check. These remarks only apply, of 
course, to semiconductors where well defined zero 
field spectra can be obtained and there are prob- 
ably many instances in other materials where in- 
formation can be obtained only from such mag- 


neto-optic experiments. 
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Abstract—The absorption of samples of different thicknesses (from 10 to 180 ) of synthetic Cu2O 
has been measured at different temperatures (293°K, 249°K, 169°K, 104°K, 77°K, 20°K, 4°K). 
The yellow series of CuzO has been studied previously.) In this paper measurements in different 
parts of the spectrum where the absorption is continuous are reported. The red continuum is situated 
on the low energy side of the yellow series, the yellow continuum on the high energy side. Both are 
well described by ELLroTt’s(2) theory of indirect and forbidden transitions. The red continuum is 
probably an indirect transition with phonon creation and annihilation to the first exciton state a 
At high temperatures, the yellow series disappears and is replaced by a continuum which is charac- 
teristic for a forbidden band to band transition. The “‘yellow”’ continuum corresponds to the con- 
tinuous absorption on the high energy side of the series limit. 


Résumé—La courbe d’absorption de lames minces (10 4 182 » d’épaisseur) de cuprite synthétique 
a été mesurée a différentes températures (293°K, 249°K, 169°K, 104°K, 77°K, 20°K, 4°K). La 
série ‘jaune’’ a fait l’objet d’un précédent mémoire.'!) Dans la présente étude, on a examiné les deux 
régions d’absorption continue situées de part et d’autre de la série jaune: “‘l’absorption continue 
rouge’’, qui se trouve du cété des petits nombres d’onde par rapport 4 la série jaune et “‘l’absorption 
continue jaune’’, qui suit la série jaune vers les grands nombres d’onde. Ces absorptions continues 
peuvent étre expliquées dans le cadre de la théorie d’ELLioTr des transitions excitoniques interdites 
et indirectes(2): ‘‘l’absorption continue rouge”’ est formée, vers les petits nombres d’onde, de deux 
fonds continus qui représentent les deux spectres de transitions indirectes vers le premier niveau 
excitonique, l’un correspondant 4 la création, l’autre a la destruction d’un phonon. Vers les grands 
nombres d’onde, un troisitme fond continu apparait aux hautes températures. “L’absorption 
continue jaune”’ correspond au spectre continu qui suit la série hydrogénoide de raies dans les 


transitions interdites. 


INTRODUCTION jaune”’ celle qui suit la série jaune vers les petites 
UNE ETUDE spectrophotométrique de l’absorption 
de CugO dans la région spectrale de la “série 
jaune”’ nous a permis d’apporter des arguments 


longueurs d’onde et qui précéde la série verte. 
L’absorption continue rouge présente le caractére 
de transitions indirectes dont la possibilité est 


nouveaux pour l’interprétation de cette série. 
Il semble subsister peu de doutes sur l’attribution 
de cette série 4 des transitions excitoniques inter- 
dites (ou de deuxieme classe) prévues par la 
théorie d’ELLiorr?. 

Or, le spectre d’absorption de CugO présente 
deux régions d’absorption continue situées de 
part et d’autre de la série jaune. Nous appellerons 
“absorption continue rouge’’ la partie du spectre 
qui se trouve du cété des grandes longueurs 
absorption continue 


“ 


d’onde de la série jaune et 


N 


1) prévue par la théorie d’ELLiorr®?. L’absorption 


continue jaune est prévue par la théorie des 
transitions interdites.) Une étude spectrophoto- 
métrique des deux continus était 
nécessaire pour permettre une comparaison des 


données expérimentales avec la théorie. Cette 


spectres 


étude fait l'objet de ce mémoire. 


1. TRANSITIONS INTERDITES 
Spectre de raies de deuxiéme classe 
La théorie d’ELLIoTT prévoit, en plus des 


189 
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transitions permises correspondant a la regle de 
sélection k 0 et AR 0, ot Rk est le 
d’onde, des transitions interdites correspondant 
aux sélection Ak = 0, k#0 mais 


petit. Dans ce cas, la théorie pr voit que l’on doit 


vecteur 
regles de 


observer une série hydrogénoide de raies, dans 


laquelle la premicre raie manqu¢ 


est le nombre d’onde exprimé en cm=! et va la 


la série. La théorie prévoit la valeur des 


intensites d’os« illate ul 


limite de 
f de ces raies. Leur étude a 


it l'objet d’un article récent 


Spectre continu de deuxieme classe 
(a) Quand n devient grand dans la formule (1), 
raies de la série se recouvrent et forment un 
spectre que nous appellerons pseudo-continu, 


héorie montre que, dans 


| 
alors que < De La t 
1 


coefficient d’absorption 


l’ab- 


a des 


pre voit que 


mtinue. correspond 
bande a bande d’un type interdit et 
étre faible. Dans cette partie d 


nt d’absorption doit varier selon 


1 
ormule suivant 


4 . , } » 7 r > 
res continus (a) et (D) sé¢ raccorde nt 


2. TRANSITIONS INDIRECTES 
La theorie prévoit, par ailleurs, que des transi- 


tions peuvent également avoir lieu pour AR # 0). 


Ces transitions sont couplées avec une création ou 
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une destruction de phonons. Elles contribuent a 
former un spectre continu. 

Supposons, pour fixer les idées, que le maximum 
de la bande de valence corresponde a k = 0 et le 
minimum de la bande de conduction ak = Ro. 
Appelons vg le nombre d’onde du phonon de 
vecteur d’onde ky susceptible d’étre créé ou 
annihilé lors d’une transition. La théorie montre 
que l’on doit s’attendre a l’apparition de deux 
spectres de transitions indirectes vers le premier 
niveau excitonique n = 1, l’un correspondant a 
la création, l’autre a la destruction d’un phonon. 

Le coefficient d’absorption dans ce spectre 


doit étre de la forme: 
K K,+ Ko 
— 19+ 19, + Re)!2N (5) 


C(v— vq Vp, + R,)\/2(N+1) 


chvg Eg la ditférence d’énergie 
entre le bas de la bande de conduction (pour 
Ro) et le la bande de valence (pour 


Rk = 0). 


C' est une constante indépendante de la tem- 


re presente 


haut de 


perature. 
N est le nombre de phonons présents dans le 


cristal a la température 7. 


I 
(6) 
exp(chr, /kT) - 


Les coefficients d’absorption K, et Ke peuvent 


s’écrire plus simplement : 
(7) 
\Ko Cli 


bords des 


2, 


ou vj et vg correspondent aux deux 


spectres continus. Par ailleurs, ve—v4 
Ainsi, les formules (7) donnent, pour une tem- 

perature donnée 

oul lou2 (8) 


Kei vj) 


D’autre part, les formules (7) peuvent s’écrire en 


fonction de la température : 


Ky | (02) 
pi = a ‘ 
(v—v,)1/2 exp(chrp, kT)-1 





SPECTROPHOTOMETRIQUE 


kT 
C ————- pour T grand 
chr 


ETUDE 


= C exp (— chvg,/RT) pour T petit 


exp (chyp, RT) —1 


kT 
~+] 


pour 7’ grand 
chy, 
0 


2 = Clexp(—chy,,/kT)+1] pour T petit 
(9b) 


18600 18400 18200 18000 7800 F600 7400 200 


Fro. 1. 


On voit que, lorsque 7' est petit, p; tend vers 
zero, alors que pzg tend vers C. Lorsque T est 
grand, les deux quantités varient linéairement 
avec T. 

La théorie prévoit également l’apparition de 
spectres excitoniques de transitions indirectes vers 
les niveaux excitoniques plus élevés (m > 1), mais 
leur intensité relative décroit comme 1/n°. Enfin, a 
la limite de la série des niveaux excitoniques, 


absorption varie comme E°. 


3. DESCRIPTION QUALITATIVE DE 
L’ABSORPTION 


Nous avons mesuré |’absorption de la cuprite, 
afin de la comparer aux données précédentes. 


DES 


F000 16800 6600 
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Nous avons étudié plusieurs lames cristallines 
d’épaisseurs variables (10, 30, 100 et 182 4) aux 
températures suivantes: température ordinaire 
(293°K), température d’ébullition du chlorure 
de méthyle (249°K), de l’éthylene (169°K), du 
méthane (104°K), de l’azote (77°K), de l’hydrogéne 
(20°K) et de l’hélium (4°K). Le montage utilisé a 
été décrit dans un précédent mémoire. ") 

Par faible 
échantillons les plus minces (10) permettent 


suite de leur absorption, les 
d’observer l’ensemble du spectre d’absorption 
(Fig. 1). 

A la température ordinaire, on observe seulement 
“absorption continue rouge’. Elle est formée de 
deux fonds continus, limités vers les petits nombres 
d’onde par deux bords nets, puis d’un troisi¢me 


16400 16200 16000 


Absorption d’une lame de CuzO de 10 d’épaisseur. 


fond continu dont la courbure est l’inverse de celle 
des deux précédents. 

Aux basses températures, le premier fond 
continu rouge, situé vers les petits nombres d’onde, 
disparait progressivement lorsque la température 
s’abaisse, tandis que le suivant reste. Ensuite, 
apparait la série jaune—trois raies a 77K, quatre 
a 4°K—suivie d’un palier da probablement au 
recouvrement des raies de la série. On observe, 
aprés la limite de la série, “‘l’absorption continue 
jaune”’ et la série verte. 

Les échantillons les plus épais (182) sont 
fortement absorbants et permettent ainsi l'étude, 
avec plus de précision, de l’absorption continue 
rouge (Fig. 2). 
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Nous allons donc, tout d’abord, étudier “‘l’ab- 
sorption continue rouge’. Nous montrerons qu’on 
peut l’attribuer a des transitions excitoniques 
indirectes. Puis, nous examinerons si “‘l’absorption 
continue jaune”’ correspond aux transitions inter- 
dites prévues par la théorie d’ELLIOTT. 


log <0 


164 
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coefficient d’absorption K? du premier 


; fond 
continu rouge en fonction du nombre d’onde v 
(Fig. 3). On a obtenu une droite. Ceci nous a 
permis de prolonger ce premier continuum vers 
les grands nombres d’onde et de déduire, de |’ab- 
labsorption Ko = K—K, du 


sorption totale, 








FOU. % 800 16600 15 400 


/o 20k 4 


6000 {$800 15600 15400 Pencm’ 


Fic. 2. Absorption d’une lame de Cu2O de 182 d’épaisseur a différentes températures. 


4. ETUDE DE L’ABSORPTION CONTINUE ROUGE 
Données expérimentales 

On a, tout d’abord, étudie les deux premiers 
fonds continus rouges a partir des courbes d’ab- 
sorption d’échantillons épais. Nous donnons en 
exemple les courbes obtenues avec des échantillons 
de 182 y d’épaisseur (Fig. 2). 


On a tracé la courbe de variation du carré du 


10 log #8) A 


O-+ isan enact 


16 $00 16 300 16 100 


Fic. 3. Carré de la densité optique du 1¢” fond continu 


deuxieme fond continu rouge (Fig. 2). On a tracé 
la courbe de variation de K? en fonction de v (Fig. 
4). La courbe est également une droite. 

Les deux droites ainsi obtenues coupent l’axe 
des v respectivement en vj et vz. Ce sont les bords 
des deux fonds continus. Nous avons représenté 
leur déplacement avec la température (Fig. 5). 
On constate que |’écart entre les deux bords reste 


\ \ 


158700 vencm' 


15 900 


““rouge”’ 


a différentes températures d’un échantillon de 182» d’épaisseur. 
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\ 


\ 


\ 


0 iF ’ y : ‘ . , 
16200 16000 Y —L2&M 


17000 46800 46600 16400 


Fic. 4. Carré de la densité optique du 2” fond continu “rouge”’ a diffé- 

rentes températures d’un échantillon de 182 d’épaisseur. 
constant. On en déduit le nombre d’onde des vers zéro tandis que pz tend vers une constante et 
qui intervient dans qu’aux temperatures plus élevées, p; et pe varient 


vibrations du réseau vp 
linéairement avec 7° 


l’absorption. vp, = 104 cm 
On a ensuite évalué les coefficients expéri- 
mentaux p; = Ky/(v—v)!? et po = Ko/(v—v2)'* 2 
a différentes températures (Figs 6 et 7). On re- ¢-4 
marque qu’aux trés basses températures, p; tend 


Yencm' 


16 500+ 
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7. Variation thermique de pe Ke)/(v—ve2)!/?. 


Fic 


Aux basses températures, aprés ces deux fonds 
continus, se situe vers les grands nombres d’onde, 
la série jaune. A la température ordinaire, par 


contre, on observe un nouveau fond continu. 


(iog F) ' 


Or 


O+ ; 
17000 16800 16600 
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Pour l’étudier, on doit utiliser des échantillons 
minces de 10 » d’épaisseur par exemple (Fig. 1), 
les échantillons épais absorbant trop. 

On peut prolonger le deuxieme fond continu 
rouge vers les grands nombres d’onde et déduire, 
de l’absorption totale, l’absorption Kg de ce 
nouveau fond continu. I] présente une courbure 
inverse de celle des précédents et si l’on trace la 
variation de Kg!/2 en fonction de v, on obtient 


encore une droite (Fig. 8). 


Comparaison de ces données expérimentales avec la 
théorie d’ ELLIOTT 
Nous avons, tout d’abord, 
carrés des coefficients d’absorption expérimentaux 


montré que les 
des deux premiers fonds continus rouges varient 
linéairement avec le nombre d’onde v, comme 
ELLIOTT le prévoit pour les transitions excitoniques 
indirectes (voir formule (5)). 
D’autre part, avons 
expérimentales de variation de pj et po avec la tem- 
avec les courbes 


nous tracé les courbes 
pérature. Comparons-les 
théoriques (9a) et (9b). 
Les deux courbes théoriques se déduisent l’une 
de l’autre par une translation C. Leurs parties 
linéaires pour 7' grand ont la méme pente et pour 
T = 0, ona: 


pe=fatC=C 


Nous avons pu, expérimentalement, évaluer la 


16400 46200 Vencm* 


Fic. 8. Racine carrée de la densité optique du ‘“‘fond continu rouge” 
a la température ordinaire (293°K)—échantillon de 10u d’epaisseur. 
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constante C (C = 4,05 pour T = 0) et en déduire 
les courbes théoriques correspondantes (Figs. 6 et 
7). On voit qu’elles ne coincident pas avec les 
courbes expérimentales, surtout dans la partie 
linéaire pour 7 grand ott l’on remarque que les 
courbes expérimentales n’ont pas la méme pente. 
Pour représenter les courbes expérimentales, 
nous avons été obligés d’introduire trois constantes 
différentes C;, C2 et C3 dans les lois théoriques : 


P1 CiN 
pe = CiN+Ce 


(10) 


18400 18200 18000 


. 9. Absorption continue jaune d’une lame de 


On a évalué expérimentalement ces constantes: 
C\ 
C2 


C3 


6,49 
1,82 
4,05 
On a tracé les courbes théoriques correspondant a 
ces constantes. On est arrivé a un excellent accord 
avec les valeurs expérimentales pour les deux 


fonds continus (Figs. 6 et 7 ). 
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La loi théorique d’ELLiotr donne donc I’allure 
générale de la variation de p; et de peg avec la 
temperature. * 

Enfin, le troisieme fond continu rouge observé 
a la température ordinaire correspond 4a l|’ab- 
sorption de bande a bande. 

La d’ ELLIOTT 
citoniques indirectes permet donc d’expliquer, 
“Vab- 


sorption continue rouge’’ et sa dépendance de la 


théorie des transitions ex- 


d’une manicre satisfaisante, la forme de 


température. Les deux premiers fonds continus 


rouges représentent l’absorption des deux spectres 


ft\~- 
i\ 
\N 


i 
7200 YP enor’ 
1’épaisseur 
niveau 


lirectes vers le yremier 


1, Dun 


création, l’autre a la 


T 
correspondant a la 


destruction d’un phonon. 


excitonique 


* Note ajoutée sur épreuves: Au Congrés International 
sur les Semiconducteurs de Prague (September 1960), 
ELLIOTT a montré que dans les formules (7) ¢ devait étre 
variable avec T et que ceci pouvait amener un meilleur 
Ces 


d’ELLIOTT sont basés sur des hypothéses qui ont été 


accord entre la théorie et |’expérience. calculs 


vérifiées par des mesures récentes des auteurs. 
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La distance entre leurs deux bords est donc égale 
a deux fois la fréquence des phonons. Les absorp- 
tions correspondant aux niveaux excitoniques 
plus élevés n’ont pas été observées expérimentale- 
ment. Mais, le 
représente l’absorption de bande a bande a haute 


excitoniques 


troisiéme fond continu rouge 


température, quand les _ raies 


disparaissent. 


5. ETUDE DE L’ABSORPTION CONTINUE JAUNE 

L’étude des facteurs d’intensité d’oscillateur des 
raies de la série jaune a permis de montrer qu’il 
s’agissait d’un spectre de raies de deuxiéme classe, 


18 300 18 100 17900 
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Ce palier est suivi d’une absorption continue 
qui se prolonge jusque vers la série verte. On 
obtient son absorption propre Ky en déduisant 
l’absorption continue rouge de l’absorption totale. 
D’apres la théorie des transitions interdites, K2/3 
doit varier linéairement avec v, loin de la limite de 
la série. On a donc tracé la courbe expérimentale 
de variation de K7/* en fonction de v (Fig. 10). 
C’est une droite, mais sur un domaine peu étendu. 
I] semble que les raies de la série verte soient 
dissymétriques comme les raies de la série jaune 
et qu’elles perturbent fortement ce fond continu 
d’absorption. 


7700 7500 Yencm' 


Fic. 10. Puissance 2/3 de la densité optique du ‘‘fond continu 


jaune” 


correspondant a des transitions directes faiblement 
interdites. I] était intéressant de comparer la forme 
de l’absorption continue située apres la raie avec 


celle prévue par la théorie des transitions interdites 
[voir formule (4)]. Nous étudié 
l’absorption de lames de CugO de faibles épaisseurs 


avons donc 


‘ 


entre les séries “‘jaune’’ et “verte”. Nous donnons 


a titre d’exemple les courbes d’absorption 
obtenues avec des échantillons de 10 « d’épaisseur 
(Fig. 9). 

On observe, immédiatement apres les raies de la 
série jaune, un palier qui peut correspondre a la 
superposition des autres raies de la série, de nombre 
quantique » > 5. Mais, il est trés difficile de 
l’étudier en détail car il est peu étendu. 


échantillon de 10 d’épaisseur. 


CONCLUSION 

Cette étude nous a fourni des données sur “‘les 
absorptions jaune et rouge’. Elle 
complete notre étude précédente sur la série 
“jaune”. 
On a pu montrer que l’absorption continue 
rouge est due a des transitions indirectes“). Les 
deux premiers fonds continus représentent les 
deux spectres de transitions indirectes vers le 
premier niveau excitonique, l’un correspondant 
a la création, |’autre 4 la destruction d’un phonon. 
Le carré de leur coefficient d’absorption varie 
linéairement avec le nombre d’onde v et leur 
variation avec la température concorde qualita- 
tivement avec la théorie. Le troisiéme fond continu 


continues 
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représente l’absorption de bande a bande. La 
racine carrée de son coefficient d’absorption varie 
linéairement avec le nombre d’onde v. 

D’autre part, nous avons montré précédemment 
que la série jaune correspond a un spectre de 
deuxiéme classe, 4 des transitions faiblement 
interdites. L’absorption continue jaune correspond 
a la forme théorique du fond continu, qui doit 
suivre les raies dans les transitions interdites, mais 
elle est rapidement perturbée par la série verte. 
Ce fait est un argument nouveau en faveur de 
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interpretation du spectre de la cuprite comme 
spectre excitonique de deuxiéme classe. 
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Abstract—At room temperature, measu nt absorption and phase 
shift of microwaves (34:75 kMc) in germanium to which a high electric field is applied. The mobility 
ynstant have been deduced from these measurements and we find, (i) that the 
obility at the microwave frequency is intermediate between the mobility (V/ FE) and the slope 
rom the variation of carrier velocity with electric field and (ii) that the 
zero field but becomes 


1 
and dielectric ¢ 


(dl 1] obtained 
m of the free carriers to the dielectric constant is negative at 
been interpreted in terms of an energy relaxation 


r high electric fields. ‘These effects have 


process 
A theory of the mobility and dielectri« 
phenomenological approach is taken, 


constant under the conditions of the experiment is de- 
eloped; initially an elementary but finally a more refined 
is given which includes specific scattering processes (optical and acoustical phonons). A 
relationship between mobility and dielectric constant predicted by theory is found to be obeyed by 
electrons but not by holes. A detailed investigation of electrons reveals that a parameter deduced from 
the experimental observations ( Il). and analogous to an energy relaxation time, agrees with theoretical 
th regard to magnitude but not with regard to field dependence. Possible reasons for 


as . 
predaiction with 


are given 


mass is deduced. Por electrons the 


an eliective a 


dielectric consta1 
mass mass re veals no increas¢ be tween 4 I< and 300 K 
holes evidence is presented that the relaxation times 


300°KK. and that there is a significant increase in the 


INTRODUCTION described by simple relaxation times 7, and Typ it 
Tm. Since 7, is comparatively 


ld is applied juctor, follows that 7 
ox holes) a ac- large, the application of a high electric field to 
d momentum fron germanium or silicon leads, in equilibrium, to a 
of low impurity content, substantial rise in carrier energy or “temperature”’ 
room temperature, the excess energy above the lattice temperature. 7,, decreases, though 
m is dissipated almost exclusively slowly, with increasing carrier energy and hence 
the carrier mobility decreases. This leads to the 


with the acou il and optical nor 
: of the lattice. In such collisions energy ‘“‘saturation’’ of the carrier drift velocity at high 
momentum must be conserved. Except in the s, which has been studied in germanium by a 
of a carrier which, having an energy compar- number of authors.“~°?) Attempts have been made, 
able with that of an optical phonon, interacts with using a variety of techniques, to estimate the 
r carrier temperature in germanium as a function 


an optical phonon, the fractional change in carriet 
of electric field,“~®) but significant discrepancies 


momentum per collision considerably exceeds the 
fractional change in ene rey. Hence if the rates of exist between the results of different approaches. 
energy and momentum loss by carriers can_ be One approach to the study of high-field effects 
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has been based on measurements of the absorption 
of microwave radiation by germanium to which a 
high electric field is applied. ARTHUR et al,“ 
showed that the absorption decreased markedly 
when an external (essentially d.c.) field was applied 
and similar results have been obtained by Dous- 
MANIS (private communication). An analogous 
technique has been used by Morcan“!) and by 
SEEGER"?), The experiments to be described in 
this paper are similar, though more detailed, than 
those of ARTHUR et al. and our results are in quali- 
tative but not quantitative agreement with the 
latter. ARTHUR et al. argued that, as the externally 
applied and r.f. electric fields were parallel, and 
Tm <1, the absorption should be proportional 
to the slope mobility, dv/dE. It would appear 
that the above conditions are necessary but not 
sufficient since we find that the absorption is 
generally greater than that given by the slope 
mobility. In addition to absorption (and therefore 
conductivity) measurements, we have measured 
the free carrier contribution to the dielectric con- 
stant as a function of electric field. Here a new 
situation is observed, namely that the free carrier 
contribution is negative at zero and low electric 
fields, but becomes positive at high fields. Our 
results can be explained by the effect of a finite 
energy relaxation time which is large compared 
with 7,,. Measurements have been made on n- and 
p-type germanium, and in less detail on silicon, 
at a frequency of 34-75 kMe/s. At this frequency 
we find that wz, ~ 1 so that the experimental 
results yield, as a function of electric field, the value 
of 7,, (or a comparable parameter, see Section 5), 
and the carrier effective temperature. 

The description of energy-loss processes by an 
energy relaxation time, 7,, is extremely convenient 
and is in many ways analogous to the description 
of carrier recombination processes by a single- 
valued minority-carrier lifetime. It does, not 
however, give any direct information on the nature 
of the energy-loss processes—any more than 
lifetime measurement gives any direct information 
on the nature of the recombination centres in- 
volved. Furthermore, the concept of a relaxation 
time implies that the average energy loss per 
collision is proportional to the excess energy of the 
carrier, which is justified only for acoustical and 
not optical mode scattering. On the other hand in 
a more rigorous treatment of carrier scattering 
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at high electric fields the underlying physical 
model may be obscured. With these considerations 
in mind the paper is arranged as follows; in the 
next section (Section 2) we develop a simple 
quantitative theory of the conductivity and di- 
electric constant in terms of 7, by solving a pair 
of coupled differential equations describing the 
time dependence of the energy and momentum 
of the carriers. In this model, the energy distri- 
bution of the carriers is assumed to be a delta 
function and +, and tm are assumed to be functions 
of energy only. The experimental method and re- 
sults are described in Section 3, and compared with 
this simple theoretical approach in Section 4. 
Values of the mean carrier energy and energy 
relaxation times as functions of electric field are 
deduced from this model. In Section 5 we develop 
a more sophisticated model which assumes that the 
energy distribution of the carriers is Maxwellian 
and that scattering is by acoustical and optical 
phonons. Some of the results obtained from the 
simpler model of Section 2 are still applicable in 
this approach, which facilitates the comparison 
of theory and experiment. Our main conclusions 
are brought together, with a summary, in Section 
6. 


2. AN ELEMENTARY THEORY OF THE CON- 
DUCTIVITY AND POLARIZABILITY DUE TO 
FREE CARRIERS IN A HIGH ELECTRIC FIELD 

The 
constants which characterize the propagation of 
electromagnetic radiation through a semiconductor 
in thermal equilibrium are well known.“*) The 


contribution of the free carriers to the 


conductivity, c, is given by 


Ne? 


ETm 
-— 1) 
m 1+ w*r- 
m 
The polarizability, «, and hence the dielectric 


constant, is given by 


Ne? ; 


N, e, g and mare the concentration, charge, kinetic 
energy and mass of the carriers respectively and 
w is the angular frequency of the electromagnetic 
radiation. The brackets indicate that the appro- 


priate averaging procedure over the Maxwellian 
energy distribution has been performed. When a 
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large d.c. electric field is applied to the semicon- 
ductor the thermal equilibrium is destroyed. In 
this section we shall derive expressions for o and 
“» under this We shall pursue an 
elementary, phenomenological, approach in the 
hope of giving a clear insight into the physical 
processes which affect « and «. This approach 
leads us to make certain assumptions which are 


condition. 


invalid for germanium, yet we shall find in Section 
5 that some of the relations derived here are more 
general than the assumptions made would indicate. 


There are three basic assumptions: 

(1) The constant energy surfaces in k space are spheri- 
cal for both electrons and holes 

(2) The free carrier distribution is monoenergetic 

(3) The energy and momentum relaxation times are 
functions of the energy only and can be expressed in 
the form &" where 7 is a constant. 

The net rate of change of momentum of free carriers 


in an electric field E is given by 


d(m2) mv 
eE 

dat Tm 
where @ is the drift velocity of the carrier. The first 
term on the right hand side of equation (2.3) is the rate 
of gain of momentum from the electric field and the 
second term is the rate of loss of momentum to the 
lattice. With a d.c. field applied, equation (2.3) has, of 


course, a steady state solution 


9 Eo 


% Tmo Eo 
m 


where the subscript 0 indicates the d.c. field values both 


here and subsequently 
We shall write the equation for the net rate of change 


of energy in the form 


—EL 
(2.4) 


where €, is the thermal equilibrium energy of the 
carriers.* The first term on the right hand side is the rate 
of gain of energy from the field and the second term is 
the rate of loss of energy to the lattice. If t, is independent 
of energy, then we have defined it in such a way that, 


when the electric field is switched off at a time t = 0, 


e(t)—ex = [e(0)—ex] exp(—t/7,), t > 0, 
and we are clearly justified in terming 7, the energy 





* The implication that the rate of change of energy loss 
is proportional to the increase in energy of the carriers 
is only valid for acoustical phonon scattering—departures 
from this will influence the value of 7,¢. 
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relaxation time. However, we shall allow 1/7, some 
energy dependence and shall loosely continue to call 7, 
the energy relaxation time. 

Equations (2.3) and (2.4) are coupled because Tm 
and hence @ are functions of the energy of the carriers. 

In the experiment to be described the microwave 
field £; was always parallel to and much smaller than 
Eo, thus we can divide € and Z into two terms, € = &9 
+Aé and V = +AU when the second terms are 
always very much less than the first. Since all the vector 
quantities are colinear we shall simplify the following 
equations by dropping the vector notation. Writing the 


energy dependence of Tm and 7, as 
T™m = ae" and 7, = be-Ms 


where ; and m2 are constants, we have, to a good 


approximation, 


Ae 


Tm = Time l —n 


Ae 
l1—no 
£0 


and Te = Te 


Substituting these relations in equations (2.3) and (2.4) 


we obtain 


dAt ekyetvt vo Ag 


2.6 
dt m “4 
aXe 


at 


evolyet t 4 eAvEy 


Ae (€o—€1) 
1+n2 


(2.7) 


€0 


In these equations we have neglected second order 
terms, viz (Av), AvE1/Eo, and we have used the steady 
state solutions of equations (2.3) and (2.4). Equation (2.6) 
represents the rate of change of incremental velocity 
due to the presence of the microwave field. The first 
two terms would give the total effect of the microwave 
field if it did not change the energy of the free car- 
riers, hence Av would then be given by an equation 
of the same form as (2.1). The third term is due to the 
effect on the steady state value of tm of the change of 
carrier energy produced by the microwave field, and 
equation (2.7) represents the rate of change of incremental 
energy due to this field. In equation (2.7), the first two 
terms give the first order change in the rate of gain of 
energy due to superposition of the microwave field 
on the d.c. field while the third term gives the change 
in the rate of energy loss including the change of the 


steady state value of 7. 


If we eliminate Ae from (2.6) and (2.7) and solve 
the resulting equation for Av we obtain for the 
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complex conductivity, o*, which is related to Av by o* = NeAv/(E£ e**), 


where 


(e9—€z) 
1+. ———_ |}, 
€0 | 

47» 0 &é = € 4 2 

a Oe beeen =| : 


r £0 


~~ 1 
- ral Pe _ = : 


€0 


sce) |" 
= 7,,| 1+(n2+m)- Ey 


The first pair of terms of (2.8) give o and represent 
the in-phase motion of the carriers, the second 
pair of terms give the polarizability and represent 
the out of phase motion of the carriers. If the 
thermal equilibrium condition is imposed on (2.8) 
by putting €9 = é,, then it reduces to relations 
which are essentially the same as (2.1) and (2.2). 
We shall now put equation (2.8) into a simpler 
form by making approximations which are reason- 
able for germanium under the conditions of the 
experiment. They are (i) that (wtm)? <1 and 
(ii) that 7, > tm. Since w = 2:18x 10" radians 
sec"! and tm < 10-12 sec, the lattice being at 
300°K in the present experiment, it is clear that 
(i) is satisfied. As pointed out in the introduction, 
condition (ii) is valid for all the carriers except the 
small fraction which have an energy comparable 
with an optical phonon and moreover are scattered 
by an optical phonon. Therefore condition (ii) is 
probably valid for the carrier distribution as a 
whole. Then 
(eo—ex) T I 


€0 T¢ (1 +w?T?) 


} (2.10) 


o = 00 1—2n 


€0 


and 
T? l 


(€0—€z) 
Tmo 2n 


C= 
| €0 


— 00 


Te, (1+ wT?) J 
(2.11) 


From (2.10) it can be shown that when (w7')? > oo, 
o = o9 and when (w7)? <1, o = Ne(dv/dE). 
When wT is between these two extreme conditions 
we can deduce T from conductivity measurements 
alone, 

| p —(dv/dE)o 12 


WwW 40 fe 


(2.12) 


where the relation o = New has been used. We 
shall find in Section 5 that the form of the relation- 
ships (2.10) and (2.11) is retained in a more 
refined theory. Furthermore, the parameter 7, 
while its definition is modified, remains the sig- 
nificant parameter in the sense that the value of 
(wT)? relative to unity determines what is observed. 

Finally we restate the physical origin of the 
terms which appear in o and «. Since we assume 
(wtm,)? < 1, the first term in both (2.10) and 
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(2.11) is the normal expression for conductivity 
and polarizability but for the fact that the micro- 
wave field is interacting with a steady state Tm, 
determined by Eo. The other terms arise from the 
modulation of +» due to the change in energy of 
the free carriers—this is resolved into an in-phase 
modulation and an out-of-phase modulation which 
can be of comparable magnitude if w7' ~ 1. The 
in-phase modulation of 7 results in the second 
term in the o while the out-of-phase modulation 
of tr» contributes to «. It is of interest to note that 
since Tm, is small relative to T there is a possibility 
of the free carriers giving a positive contribution 
to the dielectric constant. In this statement we 
have anticipated that m is positive as indeed it 
should be, since impurity scattering is negligible 
in the samples on which the experiments to be 


described were performed. 


3. EXPERIMENTAL TECHNIQUES AND RESULTS 

The conductivity and dielectric constant of a 
solid may be determined at microwave frequencies 
in a variety of ways. We have measured the trans- 
mission properties (attenuation and phase shift) 
of a section of waveguide partially filled by a 
sample of germanium. The theoretical relation- 


ships between the measured quantities and the 
dielectric constant and conductivity are described 
3.2, following a description of the 


in Section 


apparatus in 3.1. In Section 3.3 we discuss the 
sources of error inherent in this method and esti- 
magnitude. Finally some typical 


mate their 


experimental observations are presented. 


3.1 Sample preparation and microwave apparatus 


Samples of germanium or silicon in the form of thin 
flat plates through axial about 
0-3 mm 
7 mm X3-°5 mm rectangular guide, in the same manner 
as those of ARTHUR et al.°) The sample was insulated 
from the guide by thin P.T.F.E 
walls. Outside the guide, contact was made by alloying 


were mounted slots 


wide cut in the centre of the broad faces of 


film, glued to the guide 


n+ or p+ non-injecting connections along the entire 
length of the slice, and tests showed that these con- 
effect on the transmission 
properties of the partially filled guide. 

The specimen and slotted guide formed part of one 
1 a cali- 


nections had no significant 


arm of a conventional microwave bridge with 
brated phase shifter and attenuator in the other arm. 
The bridge was isolated from the klystron oscillator 
by a ferrite isolator and at the measurement frequency 


(34-75 kMc’s) no than the two 


magic T’s, had a standing wave ratio greater than 1-02. 


component, other 
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As the external field had to be applied to the sample in 
the form of short pulses to avoid heating, the following 
cycle of operations was found convenient. (1) Pulse 
applied to switch on klystron. (2) 0:25 to 0-5 usec later, 
pulse of 0-5 usec duration applied to sample. (3) 0-25 
to 0:5 psec after cessation of sample field pulse, klystron 
switched off. The bridge could then be balanced to give 
zero Output with any given field across the sample, the 
quiescent period of the klystron serving as a convenient 
“zero 20 Mc_ bandwidth 
amplifiers and a Tektronix 545 Oscilloscope were used 


power’ indicator. ‘Two 


to amplify and display the pulses. 


3.2 Microwave propagation 

The transmission properties of any medium (in the 
present case a section of waveguide partially filled with 
germanium) can be characterized by a phase constant 
n’ and an absorption constant k defined by 


pro Axo 
-andk = 0-23 
360x Anx 


where Ao is the free space wavelength, ¢ is the phase 
shift in degrees, A is the absorption in dB’s in a sample 
of length x in the propagation direction and the factor 
0-23 = loge(10)/10. In terms of n’ and k the power re- 
flection coefficient, R, and the phase shift on reflection, 
y, are given by 


R = (n'/no—1 i no (3.2) 


(n'/no+1)?+k?/n? 


2k no 
tan yy = 
(k/ng)? +(n'/no)?—1 


where no is the phase constant of the adjoining medium, 


namely empty rectangular waveguide in which the 


absorption is zero. no is given by 


ny = V[1—(Ao/2a)?] 


where a is the width of the broad face of the guide. 

The relationship between the propagation constants 
n and k of a partially filled guide and the dielectric 
constant and r.f. conductivity of the germanium or 
silicon sample may be obtained by extending the cal- 
culations of Marcuvitz'!4) to include a lossy dielectric. 
Our samples extended completely across the narrow 
dimension of the guide but occupied only a relatively 
small fraction of the width of the guide. Under these 
conditions the relationship between n’ and k on the one 
hand, and the dielectric constant « and conductivity ¢ 


(3.4) 


on the other, is given by 


d 
tan[4(a—d)/(f?+y:° 2 


V+) 


V (eB? +") 


V (PP +") 
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where 


4a 


~, y? = B2(k?—n’2+ 2in’h), 


WED 


€0 is the permittivity of free space, and d is the width of 
the sample in the broad (‘‘a’’) dimension of the wave- 
guide.* Equation (3.5) reduces to more familiar forms 
on simplification. For example, when d= 0 (empty 
guide) the real and imaginary parts of (3.5) yield 


oe | 
[1 —(Ao/2a)?] 


and n’ 


which is equation (3.4) above. When d = a (completely 


filled guide) equation (3.5) reduces to 
2n’'k = o/weg 


and n'2—k2 = €'/eg+(Ag/2a)* 

Equations (3.6) are standard results given in any text- 
book of optics. For all values of d, k is approximately 
proportional to o and independent of ¢« while 7’ is 
proportional to «’ and independent of o. In our experi- 
ments, however, the application of an external field to the 
sample produces a large change in o and a relatively 
small change in e’. The second order variation in 
with o, «’ being held constant, must therefore be taken 
into account. It is of interest to note then that equations 
(3.6) predict that n’ 
is constant but when d < a 


increases monotonically as o in- 
creases when €’ equation 
(3.5) predicts that n’ decreases as o increases until very 
large values of o are reached. This rather surprising 
prediction was examined experimentally and confirmed 


3.3 Sources of experimental error 

For comparison between theory and experiment it 1 
found that the absolute value of the conductivity is 
never required, so some potential sources of error are 
eliminated ; the same is not true of the dielectric constant, 
which immediately implies that less reliance can be 
placed on values derived from it. Furthermore, the free 
carrier contribution to the dielectric constant is compara- 
tively small (at most 20 per cent) whereas the free 
carriers are responsible for almost all the absorption 

The significant sources of error may be classified into 
three groups, namely observational errors in attenuation 
and phase shift, errors in deriving o and ¢€ from the 
attenuation and phase shift, and observational errors 
in other required quantities, e.g. the d.c. conductivity 
as a function of applied electric field. 


* We are indebted to Dr. P. N. BuTcuer, of this 
establishment, for the derivation of equation (3.5) 


It has been solved numerically by Miss R. HENSMAN 
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3.3.1. Attenuation and phase shift measurements. For a 
given sample, the attenuation and phase shift could be 
determined at all electric fields with a reproducibility 
of better than 2 per cent. By comparison, non-uni- 
formity of sample resistivity and errors in the measure- 
ment of sample dimensions could be more important. 
Most samples were 0:2 mm wide and 5—9 mm long, the 
width being measured to + 1p. All samples were checked 


as regards uniformity of resistivity and rejected if the 
non-uniformity exceeded 2 or 3 per cent. 


3.3.2 Derivation of o and «’ from experimental data. 'To 
obtain ¢ and A (equation 3.1), the observed phase shift 
and attenuation must be corrected for end effects and 
multiple reflections in the sample. One advantage of 
the use of thin samples is that the reflection coefficient, 
R, is small so that 
power loss by 


these corrections are also small. 


Thus the reflection, estimated from 
equation (3.2), was usually about 0-6 dB. The residual 
absorption was typically 15-20 dB at zero applied field, 
falling to about 3 dB at the highest field. Similarly the 
observed phase shift was corrected for phase shift on 
reflection (and hence transmission) at the interfaces of 
the medium. ‘This using 
equation (3.3) and was equal to or less than 6° compared 


and a total change 


correction was estimated 
with a total phase shift of about 400 
in phase shift, on applying the external field, of about 
ee 

Equation (3.5) was checked experimentally as far as 
possible by the use of samples of various resistivities 
and dimensions. The equation does not take account 
of any effects due to the slots cut in the guide walls or 
due to the presence of the insulating P.T.F.E. film. It 
was found that the presence of the latter had a marked 
effect, reducing the apparent conductivity and dielectric 
constant of all samples by about 10 per cent, though the 
relative values of the conductivity of samples in the 
remained substantially 


studied (1 to 50 2 cm) 


\s already remarked, absolute values of the 


range 
unaltered. 
required for a com- 


effect 


conductivity are fortunately not 
parison between theory and experiment but this 
cannot be neglected in an analysis of the data derived 
from measurement of the dielectric constant 

D.C. conductivity data. The d.c. conductivity or 
mobility is obtained by simply noting the current as a 


field, and the slope 


function of the applied electric 
mobility, dv/dE is deduced graphically from this result 
Small errors in the conductivity can be very tmportant 
in the determination of dv/dF, and it is unlikely that this 
quantity can be relied upon to better than 5 or 10 per 


cent, particularly at high fields 


3.4 Experimental results 

Some typical experimental results are shown in 
Figs. 1, 2 and 3. Fig. 1 shows smoothed mobility 
data for an 8-77 mm long n-type sample and for an 
8-09 mm long p-type sample, together with the 
appropriate d.c. and slope mobilities. Figs. 2 and 3 
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n- TYPE GERMANIUM, 4-68 22 cm 
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kVcm 


Fic. 1. Experimental values of mobility, slope mobility and r.f. mobility 
as a function of applied electric field for n- and p-type germanium. 


show the dielectric constants of the same samples, 
together with the average dielectric constant de- 
duced from 12 intrinsic germanium samples 
measured under identical conditions. As explained 
in Section 3.3.2 above, no significance should be 
attached to the low value of the dielectric constant 
of the intrinsic material and only relative values 
should be considered. 

Inspection of Fig. 1 shows immediately that 
pw lies almost midway between po and (dv/dE), 
and hence w7, ~ 1. Similarly Figs. 2 and 3 show 


that the free carrier contribution to the dielectric 
constant is negative at low electric fields but 


becomes positive at high fields. This result is in 


qualitative accord with the prediction from 
equation (2.11). A quantitative analysis of these 
results, which are representative, forms the subject 
matter of the following sections. 


4. PRELIMINARY ANALYSIS OF THE EXPERI- 
MENTAL RESULTS 


In this section we shall divide the analysis of 
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APPARENT DIELECTRIC 








ELECTRIC FIELC 


kV/cr 


Fic. 2. Dielectric constant of n-type germanium as a function of applied 
electric field. CQ Experimental observation. @ Predicted dielectric constant 
from r.f. conductivity data of same sample, as explained in text. Only 


difference values and not absolute values of dielectric constant significant. 


the mobility and dielectric constant data into two 
parts. The first part will be concerned with the 
zero-field observations from which conductivity 
masses of holes and electrons can be deduced using 
formally correct expressions. In the second part 


the high-field results will be analysed in terms of 


the elementary theory of Section 2. 


4.1 Analysis of zero-field data: the effective masses 


Exact expressions for the zero field conductivity 


and dielectric constant have been given by equa- 
tions (2.1) and (2.2). From these we can write the 
effective mass 


(4.1) 
by using the fact that (wrm)? < 1. Here Ae is the 


free-carrier contribution to the dielectric constant 


oO 


and it is obtained from Figs. 2 and 3 by subtracting 
the dielectric constant of intrinsic material from 
that of the doped sample, then applying a correc- 
tion (<5 per cent) for the intrinsic carrier con- 
tribution. 
The factor (€tm>?[<€tm> <€>]~} can be evalu- 
ated in two ways; (a) by assuming 7 oc €~4 hence the 
averaging factor becomes I"2(3—A)/[I'($—2A)1($)] 


or (b) from the ratio of Hall to drift mobility 
] 1 Bu eH; H —»90, 


where B is a ratio of effective masses. B has been 
defined by HERRING"? for electrons in germanium 
while for holes B DF/E?, these quantities 
having been defined by Lax and Mavrorpes"®), 
Values of B deduced from cyclotron resonance 
observation are presented in Table 1 together 
with py/p values obtained by Morin“” at 275 K. 
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Fic. 3 
electric field 
from r.1 


constant 


Predicted dielectric constant from 


values of 7., 


The averaging factor has been calculated by both 
methods, assuming A = 4 for the calculation from 


the relaxation time (acoustical phonon scattering). 
] 


] 


Taking the mobility of electrons as 3800 cm? V 


sec and the mobility of holes as 1900 cm? V 


sec-! the values of mass given in Table 1 were 


obtained. 


The conductivity masses can be deduced 


from cyclotron resonance okservations made at 


4K. 


Experimental observations. 


r 


Dielectric constant of p-type germanium as a function of applied 


Predicted dielectric 


conductivity data assuming 7, single valued. 


f. conductivity data assuming two 


as explained in text. 


For electrons, 


(4.2) 


Me 
m m 


where m, and m, are the effective masses parallel 


and perpendicular to the symmetry axis of an 
ellipsoidal constant energy surface in the con- 


duction band. For holes, 

3/2 3/24 -1 
3/2 mp L 
+ me + 


3/2 
D L) 


my = (Myr (4.3) 


My my 
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Table | 


Carrier LH/ 
HLH pe 
0°75 


1-00 


Electron 


Hole 


where mp is the density of states mass—the sub- 
scripts Z and H referring to light and heavy holes 
respectively. These relationships are subject to 
assumptions concerning the relaxation times. 
This limitation applies also to the value of the 


averaging factor. 


We are concerned, in fact, with three sets of 


masses; (i) masses deduced from cyclotron re- 
sonance observations which are dependent only 
on the band structure, (11) conductivity masses, 
m,, defined by equation (2.1), which depend for 
electrons on the anisotropy of tm and for holes on 
the relative magnitude and energy dependences 
of tmz and 7, and (iii) the masses deduced from 
equation (4.1), which we shall call the polarizability 
masses, m,, which also depend on 7 but in a 
different way to the conductivity masses. 

HERRING and VocT"®) have presented evidence 
that 7m for optical and acoustical phonon scattering 
is isotropic for electrons, so a comparison can be 
made between the polarizability mass and the 
conductivity mass deduced for cyclotron resonance 
observations") and given in the final column of 
Table 1. Within the experimental error both masses 
are the same, showing that the effective masses 
are unchanged in the temperature range 4K to 
300°K. 

A similar comparison for holes (‘Table 1) shows 
a difference of a factor of approximately two 
between m, at 300°K and m, at 4K. However, 
m, and m, are only the same if the relaxation times 
of the two types of holes are identical. If the t's 
do not have the same magnitude then m, is greater 
than m, deduced for (4.3). For example, if 
TmL|TmH = 3, m, is 15 per cent greater than m,. 
This example demonstrates that m, is rather 
insensitive to the assumptions concerning Tm 
which, together with the experimental evidence 
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mmo m/mo 


(4°K) 





+ 0-02 
+ 0-12 


of BEER and WILLARDSON®®) that tmz/tmy ~ 1 
at 77°K and 195°K, leads us to believe that a 
significant part of the difference between m, 
(300°K) and m, (4 K) is due to a change of mass 
with temperature. Nevertheless, the total difference 
between these two masses cannot be attributed to 
a change in the conductivity mass for the following 
reason. It is known that no increase in the cyclo- 
tron resonance masses occurs between 4°K and 
65°K.2)) Furthermore it would appear that the 
mobility of holes scattered only by phonons 
follows the familiar 7-?:? law above, but not 
below, this the 
ductivity mass cannot increase by more than 60 


temperature.'**) Hence con- 
per cent between 65 K and 300°K to be consistent 
with this data. We conclude, therefore, that a 
significant increase in the conductivity mass does 
occur but that this is not observed unambiguously 
in the microwave experiment due to complications 
introduced by unequal relaxation times. 


4.2 Analysis of high field data. The energy relaxation 
time 
4.2.1 

conductivity data. To facilitate comparison of the 

? 


Comparison of dielectric constant and 


results with the theory of Section 2 we re-write 
equations (2.10), (2.11) and (2.12) in the form: 

GT 
ee 


+ w?T? | 


OT? 


- = Po (4.4) 


(4.5) 
1+ w?7? 


€0 


1 p—(dv AE )o ' 1/2 


(4.6) 


43) Ho # 


been written in of 


where Q has 


2m(€o— Ez) leqTe,: 


place 
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This procedure has been adopted because the 


theoretical interpretation of Q depends on the 
detailed assumptions made in the model but the 
form of equations (4.4) and (4.5) is not sensitive 
to the energy loss mechanism and remains un- 
changed in the more sophisticated model discussed 
in Section 5. 

It is clear from inspection of the above equations 
that, if +», is known, it should be possible to 
deduce the of 
electric field from the mobility data. The value of 
Tm, can be found immediately at zero applied field 


and to determine its value at other field strengths 


dielectric constant as a function 


we assume that 7), is simply proportional to jo. 
[he comparison of the dielectric constant and the 
mobility depends only on this assumption and 1s, 
of course, independent of the interpretation of 
Tm discussed in the previous section. At high 

OT?/1+w*T* so that the comparison 


becomes insensitive to the value of t,. 


fields Ty), 
The predicted and observed dielectric constants 
for the n- and p-type samples are shown in Figs. 
2 and 3 respectively. It will be seen that the agree- 
ment for electrons is excellent. There is, however, 
a substantial discrepancy for holes. 
explain this discrepancy in terms of 
would have to increase by a factor of nearly 
In all likelihood, the values of 


We cannot 
Tm, since Tm 
5 with increasing field. 
T for light and heavy holes are unequal. Then equations 
(4.4) (4.5) should be written the of 
terms as (7; +T2) T, +T. no agreement would 
To indicate the magnitude and sign of this 


and as sum two 


and, 


be expected 
modification to the simple theory we have assumed that 


the energies and indices m and ne of the light and heavy 


holes at Hence 


any electric field are equal 


/40 
40 


Using this expression and assuming that the light holes 


represent 4 per cent of the total density we predict 


second theoretical dielectric constant curve shown 


the 


nearer to and, more 


significantly, has the the 
curve, but it must be admitted that the assumption of 
If no simplifying 
to 


3. This curve is at least 


same shape as experimental 


equal energies is not very realistic 


assumptions are made, insufficient data is available 


solve the resulting equations 


4.2.2 Analysis of conductivity data for n-type 
germanium. In view of the difficulties encountered 
with p-type germanium and described above we 
shall now restrict our attention to n-type material. 


GRANVILLE 


x) 


sec 


ENERGY RELAXATION TIME, %™, AND T, 
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and E 


Vv 


© 


wn 


3. 


ELECTRIC FIELD, 


Fic. +. Values of 7, 7¢, €0/Ez, mi and ng for n-type 
germanium deduced from conductivity data using theory 


developed in Section 2. 
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Using the equations developed in Section 2 we 
can deduce the values of &, Te.» T, n, and no from 
the experimental data and these are given as func- 
tions of the electric field in Fig. 4. In spite of the 
use of an over-simplified model, the values deduced 
are in surprisingly good agreement with the pre- 
dictions of the theory of Section 5 based on 
acoustical and optical mode scattering and a 
Maxwellian carrier energy distribution. In parti- 
cular we find that 2, is about 0-5 at low fields, 
characteristic of acoustical mode scattering, but 
increases slowly when optical mode scattering 
becomes important. The deduced carrier energies, 
or rather the ratio &9/¢,, may be compared with 
the temperatures deduced in Section 5 and given 
in Fig. 5. Again surprisingly good agreement 
between the simple and more sophisticated model 
is obtained. The latter agreement encourages us 
to believe that Tes which is simply related to €0, 
represents a good, if artificial, description of the 
energy loss processes occuring at high electric 
fields and justifies the use of the simple model 
in device applications. A final word should be 
added about the value of 2 which is obtained from 
the small difference of large quantities and is 
therefore very inaccurate. It does, however, vary 
in sympathy with the variation of 7, with &9, 
which indicates the internal consistency of the 
data. 


5. THE ENERGY RELAXATION PROCESS IN 
TERMS OF OPTICAL AND ACOUSTICAL 
PHONON SCATTERING 

In the preceding sections we have demonstrated 
that a relaxation process occurs in germanium at 
high electric fields which affects the conductivity 
and phase at microwave frequencies. As an initial 
step we have set up a simple theory in which the 
relaxation process is interpreted as an energy 
relaxation phenomenon (Section 2), and find 
(Section 4) that this simple theory 
quantitative description of the observations. In 


gives a semi- 


this section we shall present a more refined theory 
for the energy relaxation process. In particular 
we shall consider specific scattering mechanisms 
and shall assume that the free carriers have a 
Maxwellian energy distribution. 


5.1 Theory 


It is well known that, for fields below 6 kV cm7! 


IN Ge 


AT HIGH ELECTRIC FIELDS 209 


at least, the interaction of free carriers with both 
phonons is important; 
the 


optical and acoustical 


collisions with acoustical modes dominate 
momentum balance equation while optical modes 
dominate the energy balance equation. The in- 
corporation of these scattering mechanisms, to- 
gether with the use of a Maxwellian energy dis- 
tribution, presents a more realistic approach and 
will enable comparisons to be made between the 
observed relaxation times and those predicted 
from theory incorporating parameters from other 
observations. Impurity scattering is not con- 
sidered because it is unimportant in the samples 
used; the inclusion of such additional scattering 
mechanisms in the following theory is straight- 
forward. 

We assume that the distribution for the free 
carriers, f, in an electric field is given by 
mp \%4 


exp (—m|V—o|2/2RT) 
2akT i 
(5.1) 


where N and 7'are the concentration and tempera- 


f(V,2,T) = N{ 


ture of the carriers, V the free carrier velocity and 
ge is Boltzmann’s constant. Such a distribution 
function, Maxwellian and displaced in momentum 
space by mv, has been used by FROHLICH and 
PARANJAPE'?) and STRATTON?) and, as they point 
out, only exists when electron-electron (e-e) 
collisions predominate. By adopting (5.1) as the 
distribution function we have chosen to base our 
calculations on the simplest of the quantitative 
theories of hot electrons;(24) it has the additional 
advantages of giving analytical expressions for the 
final expressions and gives relationships which 
parallel the relationships of Section 2 very closely 
it is, in fact, unnecessary to reinterpret physically 
the various terms that arise. While (e-e) scattering 
does not predominate in the specimens used in 
this experiment, we cannot assume (e-e) scattering 
effects are negligible. Calculations of the mobility 
of hot electrons neglecting (e-e) scattering give 
results which are close (within 10 per cent) to 
values calculated assuming a large amount of 
(e-e) scattering.) Thus, since we do not know the 
extent of (e-e) scattering but know that the 
mobility is insensitive to it, we feel that the 
choice of basing our calculations on the simpler 
theory is justified at this stage. 

We shall use an isotropic mass and assume that 
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it is independent of energy; it is identified with 
the conductivity mass of the carrier. We shall 
return to a discussion of this simplification in 
Section 5.2. 

When (e-e) scattering predominates over other 
scattering processes in the exchange of momentum 
and energy, the rate of change of momentum and 
rate of change of energy are given by 

dv 
Nm 


l ¢ (4 2mpS* 


Lack T, 


mV 0¢ 


[((Nz4 1) exp ( —y)— 


] Os ] Lop 
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write the distribution function in the form 
fot+/i cos 6, 


f(V,2,T) 


where 


V- E/\E\|V}. 


cos 6 


Then STRATTON shows that 


ri fo 


Nz] 


x ([1+Av/e]/2—[1 —hv/e}/2 exp y), 


(2e/m)1/2 Nz[1+hv/e}/2+(Nz7+1)[1 
f 


5 


where (@f/0t)ac and (0f/0t)op are the rates of change 
of the distribution function due to scattering by 
acoustical phonons and optical phonons re- 
spectively. [c.f. STRATTON®4) equations (3.1) and 
(3.2)]. 
that mv2/2kT < 1, since even if we go to the 
extreme of equating the drift 
velocity yet maintaining T at the lattice tempera- 
ture, it is satisfied. This condition allows us to 


A condition which is always satisfied is 


v to saturated 


In e}} w | 
2N.+1 |’ 


where Lac is the energy independent mean free 
path for scattering by acoustical phonons, Lop 
is the energy independent mean free path which 
can be defined for the scattering of high energy 
carriers (¢ hv) by optical phonons, 7'y is the 
temperature of the lattice, S is the velocity of 
longitudinal sound waves, and y = hv/kT where 
hv is the energy of the optical phonon. Ny is the 
number of excited optical modes, 


Ni [exp(hv kTz)— 1]- Ll 


The terms representing the emission of an optical 
phonon, containing the factor (1 — hy/é)!/?, should 
hv. The density of 
states mp, introduced into the 
factor which represents the inelasticity of acoustical 


be set equal to zero for é « 


mass, has been 


phonon scattering. 
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For a d.c. field producing a drift velocity vp and an electron temperature 7 equations (5.2) and (5.3) 


become 


eEy—Ay—O»y = 0 


CV0 * Eo as A, _ O, 


where 


“ Quop(2N + 1 ) 


3ehv To 


32 
| On 4mpop \ Tr 


The integrals /,(y) are defined in terms of Bessel 
functions in the appendix, and 

pi = 4eL;/[3(27mkT_)!/?], « = ac, op. 
The zero field mobility for acoustical modes 
deduced from (5.4) is 

[Hac] — (97/32) pac, 

where the square brackets imply that the averaging 
procedure used to determine the mobility assumes 
predominant (e-e) scattering. 

As in Section 2, the drift velocity due to the 
combined d.c. and microwave fields is written as 
two terms v = v+Av,+ and here we assume 
we can write 7 = 7)+AT where Av and AT are 


3—T1|T | 


1/Ty > P 
" ( we td, 


(iii) 


the incremental drift velocity and carrier tem- 

perature resulting from the microwave field. ‘These 

relations are substituted in (5.2) and (5.3), and 

after integrating, neglecting second order terms 

viz. (Av)?, (AvAT), (Avk}) etc. and using the 

steady state relations (5.4) and (5.5) we obtain 
dAv Av 


el etwt 
V0 


- evo li et + eAvky 


Tr \ mp 


To m 


where the functions H(y) and G(y) are defined in 
terms of the integrals J, in the appendix. This 
pair of coupled differential equations is identical 
in form to (2.6) and (2.7) and it follows that the 
resulting o* has the same form as (2.8). 

We shall now consider three conditions which, 
if satisfied, enable us to write o* in a simplified 
form: 


(i) mv,/2kT < 1, 


expanding (5.1), is a condition which always 


this, as we noted when 


holds. 


(ii) (wrm)? < 1, this is valid at all fields in the 
present experiment (see Section 2). 


This is very similar to the condition 1/tm < 1/II 
where II~!, a parameter defined below, is essentially 
1/r.. The condition becomes tm < 7, which has 
been shown to be valid (see Sections 2 and 4). 


Using these three conditions we obtain 
4 {H(y) 


3}Op) 


+{G(y)—3}0.} 


+ The vector notation will be omitted since the d.c. field and the microwave field vectors are colinear. 
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where 


- (dv/dE)o, hence from 


As the w is lowered pp 
equation (5.8) we have 
pp—(dv/dE)o \!'? 1 P 
I] (5.11) 
LO pb 

(c.T. equation 2.12). 
If R is the ratio of the strength of the interaction 
between an electron and optical phonon to the 
strength of the interaction between an electron and 


acoustical phonon, then we can define 


Lac/Lop = (2Nz,4+1)Rhv/kT_1 


(c.f. 4.1a). this 


relation pop can be eliminated from the foregoing 


STRATTON 4), equation Using 
equations. From the steady state equations (5.4) 


and (5.5) we have 


voky T; T9)(1 T RF (y)), 


(5.13) 


and from (5.10) and (5.11) we obtain 


} [4(3—T1/To)+(1— Tr/To)fG(y) — 3 RF.) 


RF,(y) O,(y) Avy 
RFA) ) 


where 
OLy)/Ady). 


and 


We have already noted that IT and the parameter 
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1+ w?IT2 


)— 80 wl 
— 3} ») 
1+ fF 


A, 


5) 


(5.10) 


+{G(y)—3}0. 1 [3kTo 


T of Section 2 (not to be confused with tem- 
perature) are determined in an identical manner 
from the experimental observations. Physically 
they are, of course, the same quantity but have 
somewhat different definitions dependent on the 
details of the theory. Thus the equation for II, 
(5.12), reduces to that for 7, (2.9), if we neglect 
optical modes and recast the acoustical mode terms 
on the basis of a monoenergetic distribution. 


5.2 Comparison between theory and experiment 
Before making a detailed comparison between 
the theory and the experimental observations it is 
worthwhile pointing out that the relationship 
between the phase and the absorption [(4.4) and 
(4.5)] remains valid. Thus the discrepancy, men- 
tioned in Section 4.2, between the phase and ab- 
sorption data for holes remains, which implies 
that the theory is inadequate to deal with holes. 
Since the phase and absorption data are consistent 
for electrons of about the same concentration as 
the 
two types of holes is an essential feature not 


holes, it would appear that the presence of 


incorporated in the theory. We may conclude 
that the transitions between light and heavy hole 
states and the energy and momentum exchanges 
between light and heavy holes are not sufficiently 


Ty \!2 
T1 


($+{H(y)—3}RFp(y)) 


, (5.14) 
3kT 


rapid, for the carrier concentrations with which we 
are dealing, for both types of holes to be character- 
ized by a single temperature and a single mean 
velocity in the high field transport problem. In 
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fact it is generally accepted that the relaxation time 
for transfer from the heavy to light hole states 
(tHL) is ~(mpy/mpz)?!*tm?® where tm is the 
momentum relaxation time."!®) A typical value of 
™ gives which introduces a 
further complication since (wryz) ~ 1, and this 
presents the possibility of additional relaxation 


THL ™ 10-1 sec 


effects. 

In the light of these conclusions regarding holes 
we shall attempt a detailed comparison between 
theory and experiment only for electrons, though 
it should be mentioned that the above conclusions 
concerning holes do not affect the deduction of 
effective masses from the zero-field observations. 


5.2.1 The magnitude of II. In order to calculate 
the magnitude of IT we must first of all consider the 
value of R. Assuming no increase in the effective 
mass of the electron, R can be estimated from the 
variation of the lattice mobility with temperature. 
This procedure gives a value of R of 0-14,” which 
we take to be an upper limit since any increase in 
mass will lower the value estimated in this way.* 
We have taken values of R of 0°14, 40-14 and 
}x0-14. The range of values of R is terminated 
at 0-035 because, as we shall see, this value leads 
to some consistency between equations (5.12) and 
(5.13). 

Besides knowing R we see from equation (5.14) 
that it is essential to know 7» as a function of 
Eo to be able to predict II. To obtain 7o(£) and to 
calculate II we proceed as follows: (i) take one of 
the values of R—this enables a value of [pac] to 
be calculated from the zero field lattice mobility, 
(ii) calculate 7) from the value of yo at a given 
field (equation 5.12), (iii) calculate 7) from the 
value of vpFp at a given field (equation 5.13), (iv) 
calculate the values of II~! for the two electron 
temperatures predicted. ‘Throughout, the optical 
mode energy is taken as 0-0375 eV.°8) The re- 
sulting temperatures as a function of field cal- 
culated by methods (ii) and (iii) are shown in 
Fig. 5; limits placed on the field co-ordinate 
reflect the experimental error in determining 
po and vpLo. The temperatures obtained by method 
(ii) for the various values of R are sufficiently 


* Although we find the m for electrons is constant 
within the experimental error, the mobility is strongly 
dependent on m, px[mm'!*) 1, which in turn makes the 
calculated value of R very sensitive to changes in m. 
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close for them to be represented by a single curve 
in Fig. 5. The greater sensitivity of vp to R 
arises from the effectiveness of optical modes in 
the energy loss process. It is clear from Fig. 5 
that for a value of R of about 0-035 the Tp’s 
calculated by methods (ii) and (iii) are the same 
within the experimental error over a large part of 
the field range. In Fig. 6 the predicted values of 
II-! are plotted against the electric field; limits due 
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6 


: 
| 


| 


TRIC 


5. The variation of the reduced electron tempera- 
ture with electric field. 


Fic. 


to experimental errors can readily be transferred 
from Fig. 5 to this figure. The trend is for a 
decrease of the predicted II~! with increasing 
electron temperature. ‘The decrease arises because 
optical the 
fractional change in energy when the carrier has 


phonon emission causes greatest 


an initial energy just in excess of the energy of 
the optical mode—the fractional change in energy 
decreases as the carrier energy increases above 
this value and causes II~1! to decrease. Even at zero 
field, optical modes are dominant because the 
mean carrier energy is 3kT 1, ~hv for Ty = 
300°K. (For a lattice temperature of 77K there 
is a marked decrease in the predicted value of 
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II-1 as the electric field tends to zero so that II~! 
passes through a maximum when the mean carrier 
energy is about hv.) 

In comparing the observed with the predicted 
values of II-! we note that although the observed 
II-1 does not have the expected field dependence 
it does fall within the range of predicted values of 
[I-1. Since we believe that R lies between 0-14 and 
()-03 we are encouraged by this degree of agree- 
we see trom Figs. 5 and 6 that a 


ment. In fact 


Fic. 6. The variation of the 


mentally observed values of I 


value of R about 0-035 leads to internal consistency 
tween jo, Yolo and II, as given by equations 
)-(5.14), up to a field of between 1-5 kV cm7! 

1 This va 
those predicted from R 
4) PaiGe® 


al modes are 


lue of R leads to higher values 
0-14, c.f. 


it also implies 


i cm 
T9 than 


STRATTON 


{ 
oT 
ark ‘ Be 
and Fig. 5; 


not entirely responsible 


departure from a 7,,-! law for lattice 


] li¢ "74> ] - . 7a 
mobility. (This conclusion is in agreement with 


> + ’ 4 
BRownN’s"9) deductions. ) 
we. 


The 


the theory we have pre 


of 11-1 with field. 


‘sented is more 


Although 


refined than 


variation 


2 it is clear that it is 
of the 


the 


that given in Section not 


capal le of interpreting the details ex- 


perimental observations, notably field 
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dependences of II~!. In the light of this we list and 


examine some of the approximations and simplifi- 


cations we have made which are known to be 
invalid. 

(a) the effective mass is isotropic, 

(b) the (€, R) surface is parabolic (effective mass 
independent of €), and 

(c) (e-e) scattering predominates over other 
scattering mechanisms and determines the form of 


theoretically 


the distribution function. 


predicted and experi- 
‘ with electric field 


(a) It is well known that electrons in 
populate four equivalent minima in k space, where the 
constant energy surfaces are ellipsoidal in shape. The 
ellipsoids that if E is in the <100 


direction the accelerative mass is the same in each valley 


germanium 


are so orientated 


(the conductivity mass) and no special effects arise 


due to the presence of several valleys since the electrons 
other 


are under identical conditions. For 


the 


in each valle 


directions of electric field the situation is more 


complicated, ‘*:2*) yet with the lattice at room temperature 
the drift velocities as a function field for various orienta- 
30 


tion differ by less than 5 per cent It appears, there- 


fore, that our use of an isotropic mass—taken to have 


the value of the conductivity mass—is a good approxima- 
a feature of the multivalley 
itself 


microwave experiment Is a relaxation process assoc 1ated 


tion for electrons. However, 


model which might conceivably manifest in the 


with the transfer of electrons from one valley to another 


\n estimate of the intervalley relaxation time, 7,;;, based 
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on low temperature data,‘*:3!) makes it plausible that 
wT; ~ 1 for some field. Such an 
effect would clearly be orientation dependent (zero for 
E in the 
electron temperature between the valleys. The orienta- 
tions of the samples used in the experiment we have 


range of electric 


1005 direction) and requires a difference of 


described are unknown, but we have concluded, from 
an examination of data on a large number of samples 
and from BrRown’s'?9) observations that no significant 
orientation effect is observed. Also calculations of the 
temperature difference between valleys'*) supports the 
conclusion that this type of relaxation process is unim- 
portant under the conditions of the present experiment. 
(b) Since the electrons acquire high energies in the 
electric field they may have populated both regions of 
the valleys where the (€, k) surfaces are not parabolic and 
energy minima other than the <111> minima at the 
edge of the Brillouin zone. In fact 
R = 0-035 leads to consistency between the velocity 
field curve and II up 1-5kV cm 
and 2kVcm7™!, we should predict that the electrons 
attain a mean energy of 0-10 eV in this field range. As 
the band at k 0 is 0:14 eV above the minima at the 
edge of the zone and as, 
(€, k) relation within the 111 valleys breaks down at 
about this energy, we are led to expect significant de- 


since a value of 


to fields between 


presumably, the parabolic 


viations from the theory of 5.1 at fields in excess of 
2kV cm—!.* 

(c) As stated at the beginning of this section, (e—e) 
scattering does not affect significantly the predicted 
values of the mobility. A sensitivity to R implies some 
sensitivity to the detailed form of the distribution 
function and it is possible, therefore, that If may be 
more influenced by (e-e) scattering than the mobility 


We conclude, therefore, that the most likely 


reason for the disagreement between theory and 


experiment is that at fields as low as 2kV cm7! 
regions of k space are populated in which the 
average effective mass is dependent upon energy 
either through departures from the parabolic 
(€,k) relationship within the <111) valleys or 
through population of the k = 0 
Besides the direct effect of variation of effective 
mass on the mobility, the corresponding changes 


minimum. 


in the density of states mass can have pronounced 
effects on the 
relaxation processes between the edge and centre 


relaxation times. Furthermore, 
of the zone become possible. Some uncertainty in 
this interpretation is introduced by the unknown 
extent of the influence of (e-e) scattering on II, 
though as we have noted there is evidence that 
(e-e) scattering effects on the mobility are small. 


* STRATTON(??) has previously pointed out that the 
band edge at k = 0 may become populated. 
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6. SUMMARY AND CONCLUSIONS 

Experimentally it has been observed that the 
absorption of microwave radiation by silicon and 
germanium in the presence of a high electric field 
is not proportional to either the mobility jo, or 
the slope mobility (dv/dE)o, in the high field. 
The measurement of the phase shift of the micro- 
waves in germanium due to an applied field showed 
the unexpected result that at high fields the free 
carrier contribution to the dielectric constant 
becomes positive. It is apparent that some re- 
laxation process is operative which we associate 
with the large departure from the thermal equili- 
brium. 

We have interpreted the relaxation process as 
giving what is essentially an energy relaxation time. 
Using a very elementary theory we have shown 
that such a relaxation process can account in a 
qualitative way for both the absorption and phase 
observations. The relaxation times for germanium 
are about 1/w while those for silicon are about 
2/w (1/w = 4:58x10-12sec). A relationship is 
established between the r.f. mobility and dielectric 
constant, which is also given by a more realistic 
theory. This relationship is verified experimentally 
for electrons in germanium but it is found not to 
hold for holes. 

It is concluded that, since the free carrier con- 
centration in both the n- and p-type samples were 
much the same, an interpretation of the high-field 
transport properties of holes in germanium which 
does not take into account the existence of both 
light and heavy holes is inadequate. 

A more refined theory for the interpretation of 
the observations is set up which includes optical 
and acoustical phonon scattering. It enables 
a comparison to be made between the relaxation 
time obtained from the experiment with that de- 
duced from theory. There is agreement between 
the observed and predicted magnitude of the 
relaxation time for electrons in germanium, but 
the predicted variation with electric field is not 
observed. This discrepancy is discussed in the light 
of the simplifying assumptions made in the theory. 
It is concluded that a reason for the discrepancy 
is that at fields greater than about 2 kV cm7—! the 
energy minimum at k = 0 becomes populated 
and probably the energy of carriers within the 
<1115 minima has risen to such an extent that the 
parabolic (€,k) relationship breaks down. This 
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conclusion is somewhat tentative since we are 
uncertain as to the effects that would be produced 
if we took (e-e) scattering into account correctly, 
though there is some indication that these effects 
would not be large. 

An important feature of this experiment is that 
it demonstrates the necessity of care in the inter- 
pretation of high-field microwave experiments. 
In particular the microwave measurements of 
the 


and 


and 
Morcan"1)) 
must be reassessed. In addition to the 


small deviations from Ohm’s law'29 


high-field experiments of 
SEEGER ‘12 
energy relaxation time, it has been pointed out 
that the relaxation time for a heavy to light hole 
transition and the relaxation time for inter-valley 
transitions could be of the same order as 1/w. It is 
possible that under suitable conditions effects due 
to these processes might be observed in a micro- 
wave experiment similar to the one we have 
presented. 

From the dielectric constant at zero field, values 
of the conductivity mass of both electrons and holes 
have been obtained. Within the experimental 
error the conductivity mass of electrons is un- 
changed between 4°K and 300°K, while the con- 
ductivity mass of holes appears to increase by a 
factor of about two. It has been emphasized that 
care is needed in interpreting this apparent in- 
crease in mass since it can be influenced by the 
relative values of the relaxation times of light and 
heavy holes. It is concluded that a significant in- 
crease in the conductivity mass does occur and 
that the relaxation times of light and heavy holes 


are not identical. 
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APPENDIX 


We shall define certain integrals which are 
for the solution of the steady state equations (5.4) and 


required 
(5.5) as well as for the time dependent equations (5.6) 
and (5.7) 

The integrals are of the form 


x 
. 


In, my) — dxe Ex x ty)” 


GRANVILLE 


and E. G. S. PAIGE 

though, for brevity, Jn,» is written J» in the text. By 
integration by parts the integrals Jn,m can be written in 
terms of Inn. In,n can then be evaluated from the 
following relations: 


Tyy2,/2yv) = y/2 exp(y/2)Ki(y/2) 


I3)2,3/2(y) = 3(y/2)? exp(y/2)Ko(y/2) 
T5)2,5/2(y) = 15(y/2)? exp(y/2)Ks3(y/2) 


where the K,;)(y/2) is the modified Bessel function of 
the second kind. (In STRATTON’s‘?”) notation, J(y) = 
Ti) 2,1/2(7).) 

In the solution of the time dependent equations certain 
combinations of these integrals appear which are, in 
terms of the Jpn’s, 


2 Is (vy) ) 


. — —5+y tanh | 
5 Iz o(y) 


2 I3j2 ¥L— 
+ y tanh 
3 hp 2 
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Abstract 


The deviation from Ohm’s law in germanium and silicon at high electric fields has been 


measured by a microwave method at room temperature. It has been found that this deviation depends 
on the type and resistivity of the material, and also on the orientation of the electric field with respect 
to the crystallographic axis. Small deviations from the well-known quadratic variation with electric 
field have been observed. The quantity measured has been related to the steady-state deviation 
from Ohm’s law by an expression involving the energy relaxation time of the carriers and the period 
of the microwave frequency used. Agreement with the experimental values for the steady state 
deviation from Ohm’s law has been obtained by using a theory which considers scattering by both 
acoustical and optical modes, combined with a postulated increase in the effective masses of the free 


carriers. 


I. INTRODUCTION 
AN EXPLANATION of the departure from Ohm’s 
law at high electric fields, which occurs in silicon 
and germanium, was put forward by SHOCKLEY“). 
The basis of the explanation is that the mean 
energy of the free carriers is raised as the electric 
field is increased, so altering the energy-dependent 
relaxation GUNN®) that at 
sufficiently low values of the electric field, E, 


time. has shown 


the steady state mobility, jo, is given by 
BE?) 


(1) 


where f is a quantity which depends on the rate 


4o = (Ho)z o(1 a 


at which energy is lost by the free carriers. The 
relationship given by equation (1) has previously 
been studied experimentally by ArTuHurR et al.®), 
When acoustical mode scattering is the only 
scattering mechanism, SHOCKLEY’s theory predicts 
the following value of f. 


where C is the velocity of longitudinal sound 


waves in the material. This assumption implies 


that the dependence of the zero-field mobility on 
the lattice temperature, 7, if the effective mass of 
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the carrier remains constant, is of the form 


(0)z-9 oc T-15, 


(3) 


In both germanium and silicon the zero-field 
mobilities of holes and electrons show a more 
rapid variation with temperature than predicted 
by equation (3); furthermore, the experimentally 
determined value of f in n-type germanium is 
about 50 times smaller than that predicted from 
equation (2). 

More recent by STRATTON®), 
YAMASHITA®) and CONWELL) on n-type german- 
ium have taken into account the effect of scattering 
by optical phonons; these calculations were in- 


calculations 


dependent but are essentially similar, and for con- 
venience have to follow that by 
STRATTON. He chooses an amount of optical-mode 
scattering sufficient to give the known mobility 


we chosen 


temperature law for n-type germanium i.e. 
(u0)z-0 oc T1866, His value for 8, calculated for 
combined optical and acoustical modes, agrees 
closely with the experimental result due to 
ARTHUR et al. which is quoted by Gunn®), 

The method of ARTHUR et al.) is to observe 
the change in the absorption of microwave power 
in a germanium specimen, the change being caused 
by the application of a large pulsed electric field 
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to the specimen. They then argue that the micro- 
wave absorption is proportional to the slope 
mobility of the carriers in the germanium; thus the 
change in slope mobility can be measured as a 
function of electric field strength. This argument 
is justified if both the energy and momentum re- 
laxation times of the free carriers are much less 
than the period of oscillation of the microwave 
field. More recent work by Gipson et al.) has 
shown that this assumption is incorrect since the 
energy relaxation time of the carriers is almost 
equal to the period at the microwave frequency 
used. Thus the quantity measured by ARTHUR 
et al.‘8) which we write as f’, must be corrected 
in order to obtain the true value of f as defined in 
equation (1). 

The measured quantity f’ may be defined by 
the following equation 

# = (vo)z-0(1 —f'E*), (4) 

where y is in fact the mobility measured at field 
strength EF when using the microwave method. 
The relation between p and po is given by GIBSON 
et al.) (equation 5.11) as 


/ dv \ 1/2 
-() 
1 1E 


/0 


i = —| — 
WwW Ho—- 


where w is the angular frequency of the microwave 
power and (dv/dE)o is the slope mobility of the 
carriers measured by a d.c. method, that is, 
measured when the carriers are in a steady state. 
II has the dimensions of time and is closely related 
to the energy relaxation time of the carriers. The 
relation between f, f’, w and II can be obtained 
from equations (1), (4) and (5) and is given by 


(3+ w?Il2) 


eee 
B 3(1+ w? IT?) 


(6) 
It is interesting to observe that the limits of [’ 
are 48 and f for II = o and II = 0 respectively. 
The latter case corresponds to the assumption 
made by ArtuurR et al.’3) which allows one to 
replace the measured quantity p’ by f directly. 
Values of IT have been determined experimentally? 
and will be used in the calculation of f. 
or 


This paper describes measurements of {’ made 
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with both n-type and p-type germanium and 
silicon of resistivities between 4 and 25 ohm cm; 
with the electric field applied in <100> and <111) 
crystallographic directions. The main purpose 
was to discover if the modification brought about 
by including optical mode scattering could be 
applied to p-type germanium and to silicon and 
further to see if 8 varied with carrier density or 
crystal orientation. 


2. EXPERIMENTAL DETAILS 
The apparatus is basically the same as that 
used by ArtHuR et al.). The specimen, in the 
form of a thin slice (thickness d = 0-18 mm) is 
positioned in fine slots which run longitudinally 
in the centre of the broad faces of 8 mm waveguide. 
A reflex klystron is used to supply about 15 mW 
of microwave power which is incident on the 
specimen, and the large electric field, F, is applied 
to the specimen in the form of 1 psec pulses. 
This causes a change in the absorption of the 
specimen, which is observed, by means of a micro- 
wave detector and video amplifier, as a small 
signal voltage, AV, on the oscilloscope. After 
matching the waveguide on the detector side of 
the specimen, any power, Ap, reflected by the 
specimen is measured using a standing-wave 
meter. The insertion loss, 47, due to the specimen 
is determined by pulsing the power from the 
klystron off for 1 psec, this produces a signal Vj. 
The specimen is then removed and a precision 
microwave attenuator adjusted to give the same 
signal. The absolute absorption of the specimen, 
Ap, is then given by 
Ao = (A,—Ap). 
It follows from equation (4) that 
AA 

— = (7 
in which AA, the change in absorption, can easily 
be expressed in terms of AV and Vj. It is con- 
venient at this stage to deal directly with the 
measured quantity, f’, rather than a complicated 

and hence obscure function of f’, namely f. 
Since we were hoping to observe small changes 
in f’, associated with orientation or resistivity of 
the specimen, some effort was made to improve 
the sensitivity of the apparatus and also to check 
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the basic assumptions made in its use. A possible 
source of error occurs in the use of the microwave 
crystal detector. If G is the gain of the video 
amplifier and oscilloscope, and is independent of 
signal level, the observed signal voltage V, for a 
microwave power P incident on the crystal, is 
given by 

Vy 


GP 2) (8) 


where in general x is not constant but varies with 
P. The crystal law, as expressed by equation (8), 
is measured and used directly to convert signal 
AV into attenuation AA. When the crystal law is 
taken into account equation (7) becomes after 
some manipulation. 


20 AV 
logio( 1 +- : 
V; 

Ao 


where x is the slope of the crystal detector at the 
particular signal voltage V being observed. 
Accurate measurement of the sometimes large 
ratio V;/AV is made possible by use of a carefully 
calibrated attenuator at the input to the video 
amplifier. 

Measurement of the 1 psec voltage pulse by 
using a d.c. calibrated resistive attenuator and 
oscilloscope was considered inaccurate, and a 
system was devised to calibrate the oscilloscope. 
Two techniques were used, both of which em- 
ployed a thermionic high-voltage rectifier: the 
first was essentially a peak rectifying meter using 
a calibrated electrostatic voltmeter as the indicator; 
the second used the valve in series with a sensitive 
galvanometer which was the null indicator in a 
ax. Both 


corrected for positive ion current in the rectifier. 


potentiometer. methods must be 
The accuracy of the field pulse measurement is 
believed to be within 2 per cent in the range 
200-600 V 
range. 

All measurements were made at room tempera- 


and within 5 per cent outside this 


ture. The specimens were ground and then etched 
in CP4, and L—H junctions were made to one 
end of the specimen to prevent minority carrier 
injection. 


3. EXPERIMENTAL RESULTS 


Equation (9) is used to calculate the value of 


Ss. 
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8’ from the absorption data. A graph of 


plotted against logo should have a slope of 2, 
this being the power to which F is raised. However 
it was found in practice that the slope is not 
always exactly equal to 2 and thus we have 
arbitrarily decided to determine all values of p’ 
at a given low value of field, namely 100 V cm-}, 


20 
logio logio| 1+ 
& 


AV 


1 


and to assume that true quadratic behaviour does 
exist. 

Figure 1 shows all the results for f’ plotted 
against the resistivity of the specimens. It is 
noticeable that there is a factor of 100 between 
the magnitude of f’ for n-type germanium and 
for p-type silicon. In fact B is proportional to the 
square of the zero-field mobility of the appropriate 
carrier [see for instance equation (2)], which is 
the main factor accounting for this large difference. 
For the same reason we should expect to see a slight 
increase of 8 with increasing resistivity and Fig. 1 
does show this for the germanium samples. The 
average experimental values for f’ are summarized 
in Table 1 (the results have been normalized 
with respect to (u>)z-9 to a value appropriate to 
40cm material) together with experimental 
values for II) and values for 8 calculated by using 
2:2 x 1011 


equation (6). In all the experiments w = 
sec], 

We shall effects 
shown in Figs. 1 and 4; Fig. 1 shows that in 
n-type B'1n > B'100, in 
n-type B'x00 > Brn and the difference 
between them increases noticeably with resistivity. 


now consider second order 


germanium whereas 
silicon 


For p-type materials there is no evidence for 
orientation effects. 

As we have said above the deviation from zero- 
field mobility is not always quadratic with respect 
to field strength, and in particular, for n-type 
germanium, the mobility is given empirically, in 
the range 100 Vcm-! to 400 Vcm~!, by the 
equation 

be = (Ho)z-0(1 —f’E**¥), (10) 
where y is small and may be negative. Fig. 4 
shows 2+¥ plotted against the resistivity of the 
n-type germanium specimens. There is a noticeable 
dependence on resistivity and orientation, and 
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of electric field 








Fic. 1. Experimentally determined values of £’ for germanium 

and silicon plotted against the resistivity of the specimens. 

Results are shown for the electric field in the <100> and <111 
crystallographic directions. 


Table 


Orientation Experimental values of Experimental values of Calculated value for 

; emer P 

Material of B’(V-2 cm?) II(sec) 3(V-2 cm?) 
electric field 


‘ 





n-type | <1005 | (2:0+0-3) x10-? 


—12 4.6 P —7 
germanium | <1115 (2:6 +0°3) x 10-7 643x107" (3-5 41-4) x10 


ltimibate | = (1-6 +0-2) x 10-7 5+2°5x10-12 (2:3 +1-0) x 10-7 


n-type <€111> (2:7 +0-5) x 10-8 
silicon <100 ~2‘7 x10" 


tilivon | (4042-0) x10-° 5 +3: 2 (7-9 45-3) x 10-9 


8+4x10-12 (5-4+2-°6) x 10-8 


a 
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although there is a large scatter of points on the 
the measurement is_ inherently 
accurate than that of f’ the absolute 


absorption, Ag, does not have to be considered. 


graph, more 


because 


4. DISCUSSION 
The results will now be discussed in two parts: 


(i) comparison of experimental and theoretical 
values of B, 

(ii) second order effects. 
4.1 Comparison of 8 with theory 

In this section we shall attempt not only to 
obtain agreement between theoretical and experi- 
mental values of 8 using the theory otf STRATTON"), 
but also to obtain for each material the correct 
law giving the variation of mobility with tem- 
perature and a good approximation to the observed 
variation of mobility with electric field strength. 

Initially we have followed the procedure of 
STRATTON, that is, to choose an amount of optical 


mode scattering sufhicient to give the known law 


the variation of mobility with temperature. 


ount 


iS S] 


t 


determined | 


ecified by a parameter R,* which 
y the solution of an equation 


form 


po( R, 300°K) 300 


/4o\ R 


aa (11) 


where is the appropriate power. No attempt has 


1} 


fitting. ‘The R is 


used to 


, . 
been made at curve value of 


e= 
then used to calculate and is also 


determine the variation of steady-state mobility 
PTRATTOD 


In the notation of 


R (4 
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with electric field strength. The results are sum- 
marized in ‘Table 2 together with other parameters 
used. 

Table 2 shows that all the theoretical values for 
8 are lower than the experimental values, in parti- 
cular, that for p-type germanium is low by a factor 
of 4. The alternative value of 6) = 430°K for 
n-type silicon is taken to represent the temperature 
of an inter-valley phonon, since HARRISON"! has 
suggested that optical mode scattering is forbidden 
in n-type silicon and that inter-valley scattering 
is amore likely process. However, with 09 = 430°K 
the limiting value of power that is obtainable for 
the mobility temperature law is 2-43 which occurs 
as R tends to infinity. The observed power law 
for n-type silicon is p oc T~*°*%! according to 
Lupwic and Watters?) and LONG and Meyers"? 
though PutLey and Mircueti"*? find p oc T-??, 
Using the values of R shown in Table 2, the varia- 
tion of mobility with electric field strength has 
been calculated using STRATTON’s theory, and the 
results have been compared with the experimental 
curves due to Prior), In each case there is a 
similar marked disagreement between theoretical 
and experimental curves: the theoretical curve 
does not deviate sufficiently from Ohm’s law at 
low fields and then saturates too much at high 
‘an be obtained for each case 
by R which order of 
magnitude smaller than those shown in ‘Table 2. 
However, if this is done, it is impossible to obtain 


fields. Agreement 


using values for are an 


the powers required for the mobility temperature 
laws. Therefore, to obtain consistency between 
the available experimental data a new variable, 
such as the effective mass, must be introduced. 

It has 8) that the 
mobility of free carriers is inversely proportional 


been shown zero-field 


Table 2 


Optical-phonon 
temperature 
60(7) 


p-type G« 


n-type Sl 


p-type Si 


Theoretical value 


ot B(V 


Mobility- 
temperature 2 cm?) 
(10) power law 
5 x 10 
4x 10-8 
‘0 x 1078 
‘5 x 10-8 
‘7 X10-9 


430°K 
430°K 
680°K 
430°K 
680° K 


NR DM DH bh — 
NKR ht WH 
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to the carrier effective mass to the power 5/2. 
Thus, part of the large temperature dependence 
of mobility could be due to a small change in the 
effective mass with change in temperature. Many 
experiments'16.17-23) have been carried out on 
germanium and silicon which result in estimates 
of the effective masses of the carriers at tempera- 
tures above 4°K. While some of these experiments 
suggest that the effective masses remain constant, 
(within the limits of experimental error) up to 
room temperature, many others indicate that the 


increase 


mass 
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shown that the mass of the hole remains constant 
between 4°K and 100°K and for this reason we 
have somewhat arbitrarily taken 100°K as our 
lowest limit of temperature and assumed in every 
case that the effective mass determined at 47K 
also holds at 100°K. 

Results are presented in Figs. 2 and 3 for 
germanium and silicon respectively. In each case 
the two limiting experimental values for f, have 
been taken, and by using STRATTON’s theory a 
range of values for R and fractional mass increases 


Fic. 2. Values of R and fractional mass increase between 

100°K and 300°K which satisfy the experimental limits 

of 2 and mobility temperature laws for n- and p-type 
germanium. 


effective masses increase, though there is disagree- 
ment about the precise magnitude of the increase. 
One of the most recent results for germanium is 
due to GrBson et al.) which gives a possible 
increase of a few per cent in the effective mass of 
the electron and a definite increase of between 40 
and 100 per cent in the effective mass of the hole. 
We have therefore postulated that the effective 
masses of all the carriers with which we are con- 
cerned increase, in the temperature range 100°K 
to 300°K, above the values shown in Table 2 
which we assume to hold at 100°K. In the particular 
case of p-type germanium BAGGULEY et al.'*7) have 


have been found which satisfy these values of f. 
It is now assumed that the change in zero-field 
mobility with temperature has two components, 
one due to change in effective mass, the second due 
to the effect of lattice scattering. ‘Then one may 
calculate as before a range of values for R and for 
the fractional mass increase which satisfy the 
known experimental limits for the laws giving the 
variation of mobility with temperature. For p-type 
materials it is assumed that both light and heavy 
holes increase in mass by equal proportions. The 
four intersecting curves of Figs. 2 and 3 define 
the experimental limits of R and the fractional 





increase 


mass 


Fractional 
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mass increase in the range 100°K to 300°K. It 
should be that the absolute value 
effective mass appears only in the expression for 
8. Thus, if it is found that the values of effective 
mass quoted in Table 2 do not hold at 100°K, then 
the curves for f in Figs. 2 and 3 will need to be 
moved vertically by the appropriate factor, which 
greatly affect the results 


noticed 


as can be seen will not 


obtained. 


of 





Fic. 3. Values of R and fractional mass increase between 
100°K and 300°K which satisfy the experimental limits 
of 3 and mobility temperature laws for n- and p-type 
silicon. For n-type silicon the result is shown for two 
optical phonon temperatures, 430°K and 680°K 


Figure 2 shows that in the case of germanium 
where the possible errors in f are relatively small 
and the variation of mobility with temperature 
is well known, we deduce, for electrons, an in- 
crease in the effective mass of (4 + 2) per cent in 
the range 100°K to 300°K, and for holes an in- 
crease in the effective mass of (40 4 5) per cent 
in the temperature range 4-300°K, since for 
holes we also have the result of BAGGULEY et al. °"); 
these results are in qualitative agreement with 
those of GrBson et al."), 

Figure 3 shows the results for silicon; for this 
material the errors in f are larger. For n-type 
silicon since there is some doubt about both the 
mobility variation and the value of the optical- 
phonon temperature, the results are plotted for 
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the 


been 


0 = 430°K and 6 = 680°K; mobility 
law for p-type silicon has taken as 
(0)z-0 0c T-**7-%1 in accord with experimental 
determinations."!2: 14.24) With regard to the 
increase of effective mass for silicon we consider 
that the increase is (40 + 20) per cent in the 
temperature range 100°K to 300°K for both 
electrons and holes. ‘The lower possible value for 
the effective mass of holes has been disregarded 
because the value for R required is much too 
large to give an agreement between theoretical and 
experimental figures for the variation of mobility 
with electric field. 

The variation of mobility with electric field has 
been calculated using STRATTON’s theory with the 
following values of R: 0-06 and 0-1 for n- and p-type 
germanium, 0-2 and 0-5 for n- and p-type silicon. 
The effective masses used were as shown in Table 
2 but increased by the percentages indicated 
above, though we were very conscious that the 
effective masses are likely to change at high electric 
field strengths. Agreement with the experimental 
curves"5) can be obtained in each case to within 
about 20 per cent except for n-type germanium. 
In this case, values of R between 0-04 and 0-06 
will give agreement but theoretical and experi- 
mental curves begin to diverge at about 2kV cm-! 
and, for the latter value of R, exceed a difference 
of 20 per cent at about 5kV cm}. The lower 
value, R = 0-04, is in substantial agreement with 
GIBSON et al."), 

4.2 Interpretation of second order effects 

The second order effects, which we have de- 

tailed in Section 3, may arise in three ways: 


(i) due to the assumption, made in the de- 
rivation™) of f, that FZ is very small. 

due to the inadequacy of the simple model 
used, e.g. overestimation of the degree of 


(11) 
carrier—carrier scattering. 

due to the variation of the quantity IT with 
carrier concentration or with the strength 
or orientation of the electric field in the 


(iii 


crystal. 


With regard to the first point, we have incor- 
porated the next term in the series used by 
STRATTON to obtain §, and have obtained an 
equation of the form 

Ho = (uo)z-0(1—f1E?+ Bok*) 


(12) 
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) 


resistivity Jé cm 


Fic. 4. The exponent, 2+, of the electric field observed from 

the absorption data for n-type germanium is plotted, for the 

two orientations of electric field, against specimen resistivity. 

The quantity y is a measure of the variation of {’ with electric 
field. 


in which both f; and fg: are slowly varying 
functions of £. Calculations show that this correc- 
tion predicts a variation which should be observed 
as a power law £19” in the range 100-400 V cm-!. 
However the results presented in Fig. 4 show that 
the exponent of E may be as high as 2-16. If £ 
is independent of electric field strength then this 
effective variation of f’ with electric field could 
be explained by a decrease in II as electric field 
strength increases. Unfortunately the experimental 
results) for II are not sufficiently accurate in this 
low field region to determine if this is in fact 
happening. 

Considering now orientation effects, SASAKI ef 
al.'25) have demonstrated that in the presence of 
an electric field, the average energy of free carriers 
in different valleys will differ, and consequently 


the populations of the valleys will also differ. If 


the electric field is applied in the <100 > direction 
in n-type germanium, the four valleys are sym- 


metrical with respect to the field. ‘Thus no change 


in population will occur and the value of P ob- 
tained should tend to that given by the simple 


model. When the field is applied in the <111) 
direction, however, a change in valley populations 
will occur and in such a direction as to give a 
lower average mobility; this will be observed as a 
high value of §. As shown in Fig. 1 for n-type 
germanium 13; > 100. For silicon, the valleys 
lie along the <100 
thus we would expect fj99 to be greater than 
B'111. From 


directions in the crystal and 


B11; in fact we observe that B’1099 > 
these two results for n-type material it seems 
likely that II is not a rapidly varying function of 
orientation. 

With regard to the results in Fig. 4, we can offer 
no positive reason why the power laws are so much 
greater than 2-0, or why they vary with resistivity, 
but we can explain the variation with orientation. 
We have considered the results for the «100 
direction to be a standard, in which, as stated, all 
valleys will be at the same effective temperature. 
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One may easily interpret the results for the <100 

direction, at a particular resistivity, as an experi- 
mental relationship between mobility and electron 
temperature. For the <111> direction of the 
electric field in germanium it is possible to estimate 
the number and temperature of the carriers in 
the different valleys, and the manner in which these 
quantities change with electric field strength, by 
use of the calculation by Patce®®, If one now 
relationship between 


applies the experimental 
mobility and electron temperature obtained when 


the electric field is in the «100 direction, to the 
valleys which have different temperatures and 
populations when the electric field is in the <111 

a simple calculation gives the lower 
values of slope, 2+, that is observed. 

The remarkable increase of £’399 with resistivity 
for n-type silicon (see Fig. 1) is presumably due 
to an electron-electron scattering mechanism and 
may be an indication that inter-valley scattering 
is more important than optical-phonon scattering 


direction, 


in this material. 


5. CONCLUSIONS 

(1) Values of f’ have been measured for n- 
and p-types germanium and silicon, and by using 
a measured quantity II, values of 8B have been 
deduced from these values of f’. 

(2) Good agreement between the optical-mode 
theory of SrraTron™) and the three experimental 
results, namely, the deduced value of f, the 
variation of mobility with temperature, and the 
variation of mobility with electric field strength, 
can only be obtained by assuming an increase in 
the effective mass of the appropriate carrier be- 
tween 100°K and 300° K for both germanium and 
silicon. 

(3) The increases in effective masses are believed 
to be: 

holes, germanium (40 + 5) per cent between 

4K and 300°K. 

electrons, germanium (4 + 2) per cent between 

100°K and 300°K. 

electrons and holes, silicon (40 + 20) per cent 

between 100°K and 300°K. 

(4) Variations of f’ with orientation have been 
observed in n-type materials which could be ex- 
plained qualitatively by changes in valley popula- 


tions. 
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(5) Variations of f’ with electric field strength 
have been observed in n-type germanium which 
depend on orientation and resistivity of the 
specimens. 

(6) Due to the necessary introduction of the 
quantity IT it has not been possible to make specific 
statements about f which was the original intention 
of the work. The evidence tends to show that 8 is 
a function of orientation and may be a function of 
electric field strength and carrier concentration. 
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Abstract 


Electrical resistivity measurements on the ferromagnetic intermetallic compound ZrZne 


between 2°2°K and 295°K fail to show an anomaly at the ferromagnetic transition such as are 
observed in other ferromagnetic elements and compounds. A possible mechanism is considered for 


this behavior 


INTRODUCTION 
FERROMAGNETISM in ZrZng was first detected by 
MAatTrTuias and BozortH"). Because of the unusual 
properties of the compound, neutron diffraction 
measurements were made by ABRAHAMS"). He 
did not detect any localized moments larger than 
0-2 Bohr magnetons. 

Therefore, it became of interest to compare the 
ZrZne to that of 


ferromagnetic elements and compounds. 


electrical behavior of other 


EXPERIMENTAL PROCEDURE 
The specimen used for the measurements was a 
single crystal in the form of a rough prism 
5-1 x 3-1 The 


sistivity measurement Was 


< 2-9 mm. direction of the re- 
parallel to one of the 
110 axes. The resistance measurements were made 
potentiometrically using standard four terminal 
methods. 

The current contacts were made by spring 


loaded The 


spring loaded potential contacts pass through the 


hollow brass cylinders. insulated 


center of these cylinders. An air core solenoid 
surrounded the specimen holder. The cryostat, 
electrical measuring circuit, and the techniques 


used are described in a previous report. @ 


EXPERIMENTAL RESULTS 
The results of the measurements are shown in 
Fig. 1. The resistivities are uncorrected for thermal 
expansion. The specific resistivity at 295-6°K is 


* Work performed under the auspices of the Atomic 
Energy Commission. 
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calculated to be 535 microhmcm. The relative 
resistivity appears to be reliable to 0-3 per cent. 
The specific resistivity, because of irregular speci- 
men shape appears to be reliable to 10 per cent. 
The rapid fall in the resistivity below 6°K 
appears to come from tantalum inclusions in the 
the 


was 


sample arising from the bomb in which 
3-96°K this 
indicated by current dependent resistivities when 


specimen was prepared. At 


the sample was subjected to magnetic fields less 
than 200 Oe. 

Longitudinal magnetoresistivity measurements 
at 3-96 and 19-52°K with fields up to 1000 Oe 
(the highest obtainable in the apparatus) showed 
resistivity changes of 0-1 per cent or less. Applica- 
tion of magnetic fields in the neighborhood of the 
Curie point showed no greater resistivity changes. 

The resistivity was measured through the Curie 
point six times. Within limits of experimental 
error, no evidence was found for a resistivity 
anomaly at the magnetic transition (35°K). 

Comparison of the temperature-resistivity be- 
havior and the high specific resistivity (535 
microhmecm at 295-6°K, 55:2 microhmcm at 
3-96°K) with that of USig (2836 microhm cm at 
298°K, 1219 microhm cm at 3-96°K) suggest that 
ZrZng exhibits a spin disorder resistivity. Further- 
more, the results show that this spin disorder re- 
sistivity does not disappear at the Curie point. In 
magnetic materials such as are cited in the refer- 
ences, large local moments exist. Alignment of 
these local moments are responsible for the re- 
moval of the spin disorder resistivity. Since no 
such local moments exist in ZrZng, one would not 
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Fic. 1. The resistance of the ZrZne crystal as a function of temperature. 
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Abstract 
From the resulting distributions of activity 


2°92 


D 0-33 exp 


Radioactive !4C has been diffused into silicon at temperatures in the range 1070-1400°C. 
y, the diffusion coefficient is deduced to be: 


0-25 eV 


kT 


The surface concentration increases with increasing temperature, the largest value being about 


1078 atoms/cm 


1. INTRODUCTION 


electron diffraction studies have shown 


lattice 


RECENT 
that the 
precipitated second phase found in silicon crystals 


structure of at least part of the 


after annealing at high temperatures") is con- 


tent with that of silicon carbide. The kinetics of 


the precipitation process are governed by diffusion, 


and hence, it is necessary to know both the 


diffusivity and solubility of carbon in silicon. 
Neither of these quantities has been determined 


directly before although the solid solubility at the 


melting point of silicon has been estimated by 


18 


| 1015 atoms/cm? or less (he 


to be about 


solubility of 3 x 1018 atoms 


Dasu'3.4 
m -asured a carl on 
cm? in the melt and presented some evidence for 
segregation). This solubility is, however, about an 
order of magnitude smaller than the carbon con- 
tent of some of our crystals inferred from the 
electron diffraction evidence, our estimate being 
closer to the value of 10!9% atoms/cm*® given by 
PAPAZIAN and WoLsky™). 

The main purpose of this paper is to describe 
the measurement of the diffusivity of carbon in 
silicon; in addition, some further information con- 
cerning the solubility is obtained from the mea- 
concentrations. A _ radio-tracer 


sured surface 


technique with either barium carbonate or 


acetylene as a source of '4C was used in these 


experiments. 


at the highest temperature employed of 1402°C 


2. EXPERIMENTAL TECHNIQUE 

The silicon used in these experiments was cut 
from ingots pulled from a quartz crucible under 
high vacuum.) The resistivity was greater than 
100 ohm cm and the dislocation density was about 
10 lines/em?. The samples were in the form of 
discs about 1-5 cm in diameter and 1 mm in thick- 
ness; both (111) and (100) orientations were used. 
The faces were ground on a fine grade carborun- 
dum paper to produce plane parallel faces. The 
samples were then given a light etch in a mixture of 


50 per cent hydrofluoric and 50 per cent nitric 
acids to remove surface damage. 

In most experiments the sample, together with 
5-10 mg of barium carbonate which had a specific 
activity of 23 mc/m mole, was sealed into an 
evacuated silica tube. At high temperatures barium 
carbonate decomposes and the !#CQzs thus gen- 
erated reacts with the silicon to form a relatively 
thin coating of Si!4C which acts as a surface 
source of carbon. When acetylene was used, the 
sample was first placed in a silica tube which 
was evacuated to a pressure of about 10 1mm Hg. 
Acetylene was then introduced to a pressure of 
about 1-5 mm Hg and the tube was sealed off. 
On _ heating, 


a surface coating of silicon carbide is again 


acetylene reacts with silicon and 


formed. 
The use of acetylene had the advantage that 
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no other metallic impurity was present in the 
system. However, the maximum specific activity 
of acetylene which was readily available was only 
about 5 mc/m mole; it will become apparent later 
that this reduced activity compared with barium 
carbonate was a serious limitation, and the use of 
the latter source provided the simplest technique 
for obtaining the highest surface concentration 
of active carbon in the silicon. 

After the heat treatment the layer of silicon 
carbide was removed by grinding, and the surface 
activity of the sample was determined directly with 
a thin end window Geiger counter. Further layers 
of silicon were then removed by grinding on car- 
borundum paper and the activity was measured 
at each stage. The thickness of the layer removed 
was measured with a precision dial gauge to an 
accuracy of +2. With this technique it is 
necessary to know the absorption coefficient « of 
the f-particles in silicon (see Section 3). Some 
measurements were made with our experimental 
arrangement in which the f-particles were ab- 
sorbed by various known thicknesses of aluminium 
foils. These measurements gave a value of « of 
600 cm~! in agreement with the value calculated 
from previous data.‘ 

The efficiency of the counting system was de- 
termined using samples with a known quantity of 
active carbon atoms on their surfaces. For this 
purpose known weights of stearic acid with a given 
specific activity were dissolved in a given volume 
of benzene; a small quantity of solution was then 
dropped onto the surface of standard silicon slices 
and the benzene was allowed to evaporate. ‘This 
technique produced fairly uniform coatings of 
stearic acid, the thickness of which was much less 
than 1 » and hence all self-absorption corrections 
were negligible. The counting efficiency was thus 
found to be 6-4 + 0-3 per cent. In the calibration 
experiments all the active carbon was on the 
silicon surface and the above efficiency is enhanced 
by the back-scattering‘) from the silicon by about 
15 per cent. In the diffused samples the carbon 
was embedded in the silicon and B-particles origin- 
ating from depths of more than 20 w contributed 
to the measured counting rate (see Section 3). 
Under these conditions, a reduced backscattering 
factor should apply and the actual counting 
efficiency E was estimated to be about 5-8 per 


cent. 


OF 


CARBON IN SILICON 


3. THEORY 
It is assumed that the surface concentration of 
carbon rapidly attains its equilibrium value Cs 
which then remains constant. The total concentra- 
tion (active plus non-active) of carbon in the silicon 
resulting from diffusion from the source is then 


given by: 


(1) 


where D is the diffusion coefficient, ¢ is the time of 
heating and x is the distance into the sample 
measured from the surface (x = 0). 

We now consider the counting rate R(x) 
(counts/min) to be expected after grinding away a 
thickness x9 of the sample. The number of 
particles dN emitted per minute from a sheet of 
thickness dy at a depth y below the new surface is: 


3-7 x 10-12ZA 


dN C(xo+y) dy (2) 


n 


where Z is the specific activity of the source 
material in mc/m mole, n is the number of carbon 
atoms per molecule in this material and A is the 
surface area of the specimen (taken equal to the 
area of the mask immediately above the sample). 
The efficiency for detecting these particles will be 
reduced by the factor exp(—ay) compared with 
that given in the previous section due to the self- 
absorption in the silicon; the contribution to the 
counting rate from this layer is thus: 


dR = Eexp(—«ay) dN (3) 
We substitute for C(xo+) from equation (1), 
and integrate equation (3) and obtain: 


3:7x10-12Z.A.E.C; 
R(xo) = 
no. 
x Jerfc ~ — exp(«?Dt+ ax) 
2 


+x/(Dt)| (4 


XO 


24 (Dt) 


x erfc ( 


4. RESULTS 
The counting rate as a function of thickness 
removed from the surface of a typical specimen is 
shown in Fig. 1, where barium carbonate was used 
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removed by grinding 
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Variation of counting rate with the thickness of material 
Specimen heated at 1150°C for 168 hr; 


mask area 0-96 cm?. 


x Experimental points. 
Theory with R(0) 


as the source. It is seen that there is a rapid drop 
in counting rate over the first 10-15 x removed and 


then the rate of change is much reduced. The 


experimental points for xg greater than about 15 yu 


agree with the variation predicted by equation 
(4) with 4/(D2) = 33 wand R(0) = 630 counts/min. 
The enhanced counting rate close to the surface 
was found to be due to small quantities of silicon 
carbide which had not been removed by the initial 
grinding. Autoradiographs showed that this 
silicon carbide was often embedded in grooves 
running along 011» directions.8) It is thus clear 
that the experimentally observed value of the 
counting rate at x9 = 0 is artificially high and the 
true value of R(0) can only be ascertained by a 
curve fitting procedure. The value of Cs; may be 
determined with the aid of equation (4), once the 
values of D and R(0) have been found. The 
disadvantage of using low-activity acetylene is 
that the counting rate rapidly drops below the 
background rate (20 counts/min) as layers are 
ground from the surface, and the observations 
over the first 15 cannot be utilized because of 
the surface erosion. Determinations of the diffusion 
coefficient from experiments using acetylene were 
thus liable to considerable error; values obtained 
were, however, in reasonably good agreement with 
those obtained when barium carbonate was used 


as the source. 


630 and (Dt) = 33 u 


Experiments were carried out at various tem- 
peratures in the range 1070°C to 1400°C and the 
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Variation of the diffusion coefficient with 


reciprocal temperature. 
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R(0)*, 


min=} 








1402 
1402 
1390 
1390 
1375 
1375 
1350 
1320 
T1314 
1314 
1264 
1264 
1231 
1231 
1210 
1210 
1150 
1150 
1109 
+1109 
1109 
1109 
1070 
$1200 
$1200 
$1250 


mr DW UU RR rH & DH & WD 


nN 


309-0 
309-0 
309-0 
403-0 


oh MN 


3: 
9 
9. 
5 


6:3 x 107-10 
7:1 x 10-10 
-7 x 10-10 
‘0 x 10-19 
‘9x 10-19 
‘9 x 10-10 
“5 x 10-10 
1x 10-10 
-2 x 10-10 
7 x 10-10 
2x 10-10 
-3 x 10-10 


1-5 x 1018 
1-1 x 1018 
4°8 x 1017 
4-9 x 1017 
2-9 x 101? 
2-9 x 1017 
3-0 x 101? 
2:4 x 101? 
2-1 x 1017 
3-0 x 1017 
-9 x 1016 
‘Ox 1017 
‘0 x 1017 
*6 x 1017 
36 x 1016 
‘8 x 101? 
-4x 1017 
530 +5 x 10? 
305 3 x 1016 
320 ‘9 x 1016 
270 -7 x 1016 
235 -3 x 1016 
600 *6 x 101? 
100 -9 x 101? 
‘7 x 101? 


4000 
3300 
1800 
1750 
1000 
1000 
1170 
950 
900 
1300 
400 
450 
400 
615 
360 
720 


625 


‘0x 10-H 


* Standardized to mask area A of 0°74 cm?. 


+ Plastically deformed prior to heating 


t Acetylene as source of 14C, 


time of heating was arranged to give measureable 
counting rates at depths of about 60 y or greater. 
The results are shown in detail in Table 1. During 
the heating, particularly at the highest tempera- 
tures, a few samples were slightly deformed; this 
is not thought to alter the diffusion rates, since no 
detectable change was observed between disloca- 
tion-free samples and others which were heavily 
plastically deformed prior to the diffusion. 

Figure 2 shows the variation of D with tempera- 
ture from which we obtain: 


D = 0-33 exp {| — —— (5) 
We consider the error on the activation energy to 
be + 0:25 eV. 


5. DISCUSSION 

There are possible objections to the use of 
equation (1), since the silicon samples used in the 
experiments contained some non-active 12C. Out- 
diffusion of this carbon would lead to a surface 
concentration which would decrease with time. 
Moreover, if its concentration was above the 
solubility limit at the temperature of the experi- 
ment, precipitation would occur and some active 
carbon would be incorporated into the precipitate 
particles. However, since the observed distribution 
could be fitted to equation (4) extremely well, it is 
concluded that the above effects are relatively 
unimportant. 

The measured values of the diffusion coefficient 
and the activation energy for diffusion are similar 
to those found for impurities which are known to 
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diffuse substitutionally®); D is, however, several 


orders of magnitude smaller than the values found 
for impurities which diffuse interstitially. It is 


therefore concluded that carbon occupies sub- 
stitutional sites in silicon. This would be in accord 
with the fact that up to the present no character- 
istic absorption band in the infra-red has been 
attributed to carbon in single crystals of silicon.* 
In general the measured values of the surface 
concentrations, given in ‘Table 1, increase with in- 
creasing temperature up to 1402°C where a value 
found. The actual 
solubilities will be somewhat greater than these 


of 1:5x 1018 atoms/cm? is 


values due to the presence of spurious non-active 
carbon. If Dasu’s value for the solubility in the 
melt is taken as 3 x 1018 atoms/cm? then the value 
of the segregation coefficient of carbon between 
liquid and solid silicon is close to unity. A true 
solubility in the solid less than this last figure would 
indicate a eutectic alloy system (with k < 1), buta 
higher figure between 3 x 1018 and 1019 indicated 
by electron diffraction observations would suggest 
a peritectic system (k > 1). Further work is now 
in progress in an attempt to resolve this problem. 


* We have found an absorption peak at 12-2 yw in poly- 
crystalline silicon which can be interpreted as due to 
B-silicon carbide which is thought to lie in the grain 
boundaries.(!°) This is a possible explanation of a similar 
absorption band found recently by BALKANSKI et al.(?»), 
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MESSUNGEN DER ELEKTRISCHEN LEITFAHIGKEIT UND 
DES HALLEFFEKTS AN ZnO-KRISTALLEN UND IHRE 
DEUTUNG DURCH STORBANDER 


G. BOGNER 
Institut fiir Angewandte Physik der Universitat Erlangen, Erlangen, Deutschland 


(Received 26 September 1960) 


Zusammenfassung—Um den Einfluss definierter Zusatze auf die in unbehandelten ZnO-Kristall- 
en vorliegende n-Leitung zu priifen, wurden Hallspannung und elektrische Leitfahigkeit im Tem- 
peraturbereich von 63 bis 700°K gemessen. Als Versuchsmaterial dienten undotierte, nachtriglich 
mit Sauerstoff behandelte Kristalle und solche mit Zusatzen von Indium und Kupfer. Die Wirkung 
der Zusatze konnte durch geeignete Modellvorstellungen tiber deren Einbau ins ZnO erklart werden. 
Das 'Temperaturverhalten der gemessenen Gréssen wurde unter der Annahme von Donatoren- 
bandern und makroskopischen Inhomogenititen gedeutet. Aus den an nachtraglich mit Sauerstoff 
behandelten und Kupfer dotierten Kristallen gewonnenen Ergebnissen, lasst sich die Aktivierungs- 
energie des diskreten Donatorenniveaus abschatzen, das im Grenzfall der kleinsten gemessenen 
Leitfahigkeiten fiir die n-Leitung in diesen Kristallen verantwortlich ist. 


Abstract—Investigating the influence of defined foreign additions on n-conduction of untreated 
ZnO-crystals, Hall voltage and electrical conductivity have been measured from 63-—700°K. Crystals 
were used as grown or after heating in an Oe-atmosphere or with indium and copper additions. The 
effect of impurities could be explained by a suitable model of their incorporation in ZnO. The 
temperature dependence of the measured quantities was discussed in terms of impurity band 
conduction and macroscopic inhomogeneities. From the results of oxygen treated and copper doped 
crystals the activation energy of the discrete donor level can be estimated, which defines the tem- 
perature dependence of the conductivity in crystals with a low donor concentration. 


EINLEITUNG definierter Donatoren (He, Zn, in gewissen Gren- 
I’ RUHERE Messungen der elektrischen Leitfahigkeit zen auch Indium) ausfiihrten. Es wurden dabei 
und des Hallkoeffizienten an ZnO-Kristallen ohne Kristalle mit niedriger Ausgangsleitfahigkeit 
absichtlichen Zusatz™) haben ergeben, dass das verwendet und die Donatorenkonzentration so 
Temperaturverhalten der gemessenen Gréssen hoch gewihlt, dass die durch sie erzeugten 
(Meyersche Regel) nicht erklart werden kann bei Ladungstrigerkonzentrationen bei Zimmertem- 
Annahme eines einfachen Halbleitermodells, das peratur mindestens um eine Grdéssenordnung 
nur ein Donatorenniveau enthalt. Es wurde héher als die des Grundmaterials waren. Das 
deshalb angenommen, dass das Temperaturverhal- ‘Temperaturverhalten der gemessenen Grdssen 
ten durch eine Reihe unbekannter Donatoren- konnte damit einem bekannten Donator zuge- 
Zustinde verursacht wird, und es war nicht’ schrieben werden und wurde mit Hilfe des ein- 
méglich, Aussagen iiber die Donatorenkonzentra-  fachen Halbleitermodells analysiert. 
tionen, die Donatoren-Ionisierungsenergien und In der vorliegenden Arbeit wird iber Messungen 
die effektiven Elektronenmassen in solchen der Hallspannung und der elektrischen Leitfahig- 
Kristallen zu gewinnen. keit berichtet, die an undotierten, nachtraglich 
Hutson?) und RupprecHtT®) umgingen diese mit Sauerstoff behandelten und an Kristallen 
Schwierigkeit dadurch, dass sie die Halleffekts- mit Zusdtzen von In und Cu _ausgefiihrt 
messungen an Kristallproben mit Zusadtzen wurden, sowie iiber die aus Leitfahigkeit o und 
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Hallkoeffizient Ry berechnete Hallbeweglichkeit. 
Fiir die Analyse des Temperaturverhaltens der 
gemessenen Gréssen wurden kompliziertere 
Halbleitermodelle 
Donatorenbandern und Beriicksichtigung makro- 


skopischer Inhomogenitaten. 


verwendet: Annahme_ von 


HERSTELLUNG DER KRISTALLE UND IHRE 
KONTAKTIERUNG 

Die Einkristalle wurden hergestellt durch eine 
Dampfphasenreaktion zwischen Zink und Sauer- 
stoff bei 1350°C, wie sie bei ScHAROWSKY"™?) zum 
ersten Mal beschrieben wurde. Der Einbau von 
Indium und Kupfer erfolgte wahrend des Kristall- 
wachstums nach einem bei BOGNER und Mo_two®) 
beschriebenen Verfahren. Die nachtragliche Sauer- 
stoffbehandlung undotierter Kristalle wurde in 
einem Quarzrohr bei 20 atm. Oo-Druck und ‘Tem- 
peraturen von 850) und 1050°C durchgefiihrt. Die 
Behandlungszeit war dabei jeweils mindestens 
doppelt so gross, wie die mit Hilfe der von v. 
BeRNUTH'®) gemessenen Qo-Diffusionskonstanten 
berechnete Sattigungszeit. 

Die bei den Messungen verwendeten Kristalle 
hatten die Form hexagonaler Prismen. Ihre Lange 
betrug 5-10 mm, ihr Durchmesser (),2—0,7 mm. 
Die spezifische elektrische Leitfahigkeit undotier- 
ter Kristalle bei Zimmertemperatur _ betrug 
Nach Sauerstoffbehand- 
lung wurde eine Leitfahigkeit von 8 x 10~8—5 x 10-2 
ohm-! cm! festgestellt. Die in dieser Arbeit ver- 
messenen Kristalle mit In-Zusatz hatten Leit- 
fahigkeiten bei 20°C zwischen 10 und 60 ohm7! 


5 x 10-2-7 ohm=! cm7!. 


cm~!, wahrend sie bei Cu-dotierten Kristallen je 
nach Zusatz zwischen 10-3 und 10-1 ohm~! cm7! 
variierten. 

Da bei Kristallen mit kleinen Leitfahigkeiten 
mit Kontaktschwierigkeiten zu rechnen war, die 
sich besonders bei tiefen Temperaturen bemerkbar 
machen, wurden die Kristalle fiir die Messungen 
Leitfahigkeit Hall- 
spannung mit 2 Stromzufiihrungselektroden an 


2 gegeniiber- 


der elektrischen und der 
den Enden und 4 rechteckigen, auf 
liegenden Kristallseiten paarweise angeordneten, 
im Vakuum aufgedampften Leitfahigkeits- bzw. 
Hallelektroden aus Gold versehen (Abb. 1). Um 
sperrfreie Kontakte zu erhalten, wurden vor dem 
Aufdampfen der Au-Elektroden, die Kristallober- 
flachen im Vakuum kurze Zeit atomarem Wasser- 
stoff Wasserstoff erzeugt 


ausgesetzt. Atomarer 
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Anreicherungsrandschichten auf ZnO, die im 
Vakuum langere Zeit erhalten bleiben). Die 
Sperrfreiheit der Au-Elektroden wurde durch 
Ohmschen Gesetzes _ bei 


Verifizierung des 


verschiedenen ‘Temperaturen nachgewiesen. 


APPARATIVER AUFBAU 
Die Apparatur bestand im wesentlichen aus 
einem selbstgebauten Elektromagneten und einem 
aus Messing. 


zylindrischen Vakuumgefass 


Neusilberrohre 


Gummidichtung — 





Aufieres 
‘Kuhigefan 











Inneres 
Kuhigef60 


Polschuhe 
Kristall 








Vakuumgefan 


Ass. 2. Vakuumgefiass mit 'Tieftemperatur-Messein- 


satz. 


das 
Die 


Gefisses 


Der Magnet dass er 
Vakuumgefass 


Polschuhe 


war so konstruiert, 


von aussen  umschloss. 


wurden im Inneren des 
fortgefiihrt (Abb. 2). Sie waren nicht fest mit dem 
Vakuumgefiass verbunden, sondern auswechselbar. 
Breite des Luftspaltes und Polschuhflachen 
konnten also verindert werden. Im vorliegenden 
Fall betrug die Luftspaltbreite 35mm und die 
Polschuhflaiche 5 x 5 cm?. In diesem Raum wurde 
eine Kraftflussdichte von 8200 G erreicht. 

In das Vakuumgefass konnten je nach Wahl des 
Temperaturbereiches (oberhalb oder unterhalb 
Zimmertemperatur) zwei verschiedene Messein- 
werden (Abb. 2). Die 


sitze eingebracht 





Ass. 1. ZnO-Kristall mit Stromzufiihrungs- und 
Hall-elektroden aus Gold. (Vergrésserung 16 fach). 
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Messeinsatze unterschieden sich in ihrem Aufbau 
wenig voneinander. Sie bestanden aus einer 
Deckplatte, die das Vakuumgefiss verschloss, und 
an der mittels Neusilberrohren zwei konzentrische 
Kupferbehalter befestigt waren. An den inneren 
Behilter war die Grundplatte mit der Kristall- 
halterung montiert. Beim Tieftemperatureinsatz 
konnten durch Einfiillen Mengen 
fliissiger Luft in das Innengefass beliebige Tem- 
peraturen zwischen 300 und 90°K eingestellt 
werden. Durch Abpumpen der fliissigen Luft 
wurden Temperaturen bis zu 63°K erreicht. Berm 


bestimmter 


Stromzufuhrungen 
(Phosphorbronze mit in umkleidet 


A. 
Kupfer platte 
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noch kleine 440 V) 
entladen. Die Temperatur der Kristalle wurde 
mit Hilfe eines Manganin-Konstantan-Thermo- 


Kondensatoren (0,01 uF : 


paares, das an einer Stromzufiihrungselektrode 


befestigt war, gemessen. 


MESSANORDNUNG UND MESSTECHNIK 
Das Vakuum Hochtemperatur- 
messungen etwa 10-6 Torr, bei Tieftemperatur- 


betrug bei 


messungen bis zu 10-7? Torr. Um stérende Ober- 
flacheneftekte 
Kristalle vor jeder Messreihe abgeatzt und im 


auszuschliessen, wurden die 


Untere Sonden 


Pt mit in umbleidet) 


Trovidur 


Obere Sonden 


‘Phosphorbronze mit In umkleidet) 


Ass. 3. Kristallhalterung bei Tieftemperatur-Messeinsatz. (Der Kristall 
ist stark vergréssert gezeichnet). Beim Hochtemperatureinsatz waren 
die Halterungen fiir die 6 Elektroden, durch eine diinne Glimmerfolie 
isoliert, direkt auf die Cu-Grundplatte aufgeschraubt. Obere Hallsonden 
und Stromzufiihrungsbiigel bestanden dabei aus Wo-Draht, der mit 


Pt-Kontakten versehen war. 


Die unteren Hallsonden bestanden aus 


Pt-Drahten. 


Hochtemperatureinsatz enthielt das Innengefass 
eine Heizung, die es ohne weiteres erméglichte, 
Temperaturen von 700°K zu _ erreichen. Das 
Aussengefass, das je nach 'Temperaturbereich mit 
fliissiger Luft oder Wasser beschickt wurde, 
diente zur Warmeabschirmung. 

Die Kristallhalterung erfolgte in beiden Fallen 
auf die gleiche Art (Abb. 3). Durch diese Elektro- 
denanordnung wurde ein Brechen der Kristalle 
praktisch ausgeschlossen. Die 6 Elektroden wurden 
an den Stellen mit dem Kristall in Beriihrung 
gebracht, wo sich die aufgedampften Au-Elektro- 
den befanden. Um fiir Tieftemperatur-Messungen 
gute Kontakte zu erhalten, wurden iiber letztere 


Q 


Vakuum mindestens 1 Stunde auf Temperaturen 
bis zu 400°C gehalten. 

Die Leitfahigkeit 
wurde in jedem Fall mit Hilfe von 2 Strom- und 
4 Spannungselektroden (Sonden) durchgefiihrt. 


Messung der elektrischen 


Dabei war je ein Paar von Spannungssonden auf 
2 gegeniiberliegenden Kristallseiten im Abstand 
von etwa 0,5 mm angebracht. Die Sondenspan- 
nungen wurden mit einem Elektrometerverstarker 
(Schwingkondensator) der Fa. Frieseke u. H6pfner 
Zur Berechnung Leitfahigkeit 

arithmetische beiden 


der 
wurde Mittel 
Sondenspannungen verwendet. 


gemessen. 


das der 


? 


Die Hallspannung wurde iiber den 2 etwa 
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Hallstrecken 
gewonnen. Kleine Hallspannungen (10-9 bis 
10-5 V) wurden in Belastung der Hallstrecke mit 
einen Galvanometer-Kreis gemessen. Hallspan- 
nungen > 10-3 V wurden mit dem Elektro- 
meterverstarker gemessen. Um stérende ‘T'empera- 
tureffekte auszuschliessen, wurde die Hallspan- 
nung in jedem Fall fiir beide Richtungen des 
Magnetfeldes gemessen. Ferner wurde bei samt- 
Leitfahigkeits- Hallspannungsmes- 
kommutiert. Die 
waren im 


0.5mm _ voneinander’ entfernten 


lichen und 
Stromrichtung 


Kristalle 


sungen die 
Stromstarken 
verwendeten Temperaturbereich stets so bemes- 


durch die 


sen, dass eine Erwarmung der Kristalle durch 
Joulsche Warme ausgeschlossen war. 
Proben mit 


Fiir die Hallspannung von 


Sechseck-Querschnitt gilt): 
9 ] ? B 


da 


Un 


Stromstirke, B = 
Lange einer Sechs- 


Ry Hallkonstante, 

magn. Kraftflussdichte, 

eckseite. 
Mit 


gemessenen 


wurde aus den 
Hallkonstante 


Hallspannung 


Hilfe dieser Formel 
Hallspannungen die 
berechnet. Da die gemessene 
wesentlich vom Verhaltnis Sondenbreite/Kristall- 
und die aufgedampften 
Breite 0,2-0,3 mm 
Hallspannungen 


durchmesser abhangt 


Au-Elektroden 


mussten die 


eine von 


aufwiesen, mit 
Korrekturfaktoren 
Arbeit RUPPRECHT? 
Aus den korrigierten Spannungswerten wurc 
dann Ry bestimmt. 

Fiir die Hallbeweglichkeit gilt : LH 
Fiir die Berechnung von py 
arithmetischen Mittel der an 2 gegeniiberliegenden 
gemessenen Leitfahigkeiten und der an 
beiden Hallstrecken Hallkonstanten 


verwendet. Das war bei der Langsinhomogenitat, 


versehen werden, die der 


wurden. 
j 


ic 


von entnommen 


Ry xO. 
wurden die 


Seiten 
bestimmten 


die manche Kristalle zeigten, unerlasslich. 


MESSERGEBNISSE 
(a) Kristalle mit Indium-Zusatz 


Die reziproke Hallkonstante zeigt eine relativ 


geringe ‘Temperaturabhangigkeit, die bei grésser- 


en Donatorendichten iiberhaupt verschwindet 
(Abb. 4). Sie durchlauft bei 


kleinem Donatorengehalt nach anfanglichem Abfall 


Kristallen mit 
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bei héheren Temperaturen ein Minimum, um nach 
tieferen Temperaturen hin wieder langsam an- 
zusteigen. Fiir Kristall d wird die reziproke 
Hallkonstante bei tiefen Temperaturen wieder 
konstant. Das Minimum wird umso tiefer und 
seine Lage immer mehr nach tiefen Temperaturen 
hin verschoben, je kleiner die Donatorenkonzen- 
tration ist. 























10 15 x10°2 ¢K-! 


Kehrwert der abs. Temperatur 


Ass. 4. Reziproke Hallkonstante In-dotierter Kristalle 
als Funktion der abs. 'Temperatur. 

Die In-Konzentration der Kristalle variiert zwischen 
9x 1017 In-Atome/cm* (Kristall a) und 5,5x1019 
In-Atome/cm® (Kristall h), Grésste Aktivierungsenergie 
Ep = 0,044 eV (Kristall a). (Die Kristalle f, g und h 

wurden von RuPPRECHT‘) vermessen). 


Die elektrische Leitfahigkeit wird bei kleinen 
Donatorenkonzentrationen mit abnehmender 
Temperatur kleiner und niahert sich bei tiefen 
Temperaturen einem konstanten Wert (Abb. 5). 
Die ‘Temperaturabhiangigkeit wird umso geringer, 
je grésser die Donatorenkonzentration ist und 
wird Null, wenn Np > 2x 1019 In-Atome/cm? 
ist. 

Die Hallbeweglichkeit bei Zimmertemperatur 
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Leitfahigkeit 6 
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5 10 15 x 1079 %K-! 
Kehrwert der abs. Temperatur 


. 5. Elektrische Leitfahigkeit In-dotierter Kristalle 
als Funktion der abs. Temperatur. 


300 200 





Zn0 + In 


Hallbeweglichkeit 











10 15x 10° KT 


Kehrwert der abs. Temperatur 
Ass. 6. Hallbeweglichkeit der in Abb. 4 und 5 gemessen- 
en In-dotierten Kristalle als Funktion der abs. Tem- 
peratur. 
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nimmt mit steigender Donatorenkonzentration 
ab (Abb. 6). Fiir Indiumkonzentrationen 
> 4x1019 cm-3 wird sie 
der Donatorendichte etwa 45 cm?/Vs. (Letzteres 


unabhingig von 


aus Messungen von _ Kristallproben 


entsprechend 


geht 
mit In-Konzentrationen 


die 


hohen 


hervor, von denen einfachheitshalber nur 


Ergebnisse der Probe h in den Abbildungen 5-7 
dargestellt sind). Die Beweglichkeitskurven der 
schwicher dotierten Kristalle zeigen bei tiefen 
Temperaturen einen steilen Abfall, der etwa 














5 10 15 x 10-3 °K 
Kehrwert der abs. Temperatur 


Reziproke Hallkonstante undotierter Kristalle 
als Funktion der abs. Temperatur. 


ABB. 7. 


proportional 7.5 ist. Mit zunehmender Dona- 
torenkonzentration sinkt die ‘Temperaturabhangig- 
keit von zy und wird bei den héchsten Dona- 
4x 1019 cm-%) Null. Die 


mittlerer 


torenkonzentrationen (> 
Hallbeweglichkeit von 

In-Konzentration strebt bei den zur Verfiigung 
stehenden tiefen ‘Temperaturen ebenfalls einem 


Kristallen mit 


konstanten Wert zu. Ein dusserst bemerkenswer- 
ter Befund ist die T'atsache, dass sich die Hall- 
beweglichkeitskurven bei tiefen ‘Temperaturen 
iiberschneiden. Die Hallbeweglichkeiten von Kri- 


stallproben mit hohem Storstellengehalt sind also 


bei tiefen Temperaturen héher, als die Beweglich- 
keiten von Kristallen mit kleinerem Storstellen- 
Dieser Befund _ steht 


gehalt. experimentelle 
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offensichtlich im Widerspruch zu _ friiheren 


theoretischen Vorhersagen. ‘8.9 


(b) Kristalle ohne Zusatz und mit nachtrdglicher 

Sauerstoffbehandlung. 

In Abb. 7 ist die reziproke Hallkonstante gegen 
den Kehrwert der absoluten Temperatur fiir eine 
Reihe von undotierten und unbehandelten Kristal- 
len aufgetragen. Die Ladungstragerkonzentration 


bei Zimmertemperatur und der Temperaturko- 


effizient der 1/Rye-Kurven variieren in einem 


1000 200 100 60 °K 





Kristall Nr 7 


undotiert 
05- behandelt 








‘ 10 15 x 10°9 *K-! 


Kehrwert der abs. Temperatur 


Ass. 8. Reziproke Hallkonstante vor und nach Sauer- 
stoffbehandlung als Funktion der abs. Temperatur 
Obere Kurve : Kristall undotiert. 
Abtrennarbeit Ep = 0,06 eV 
Untere Kurve : Kristall nach 360 h bei 850°¢ 
20 atm. Sauerstoff 
Abtrennarbeit Ep = 0,39 eV 
Die Abtrennarbeit wurde fiir die untere Kurve aus dem 


und 


Hochtemperaturteil derselben gewonnen 


grossen Bereich. Der ‘Temperaturkoeffizient der 
reziproken Hallkonstanten ist umso kleiner, je 
der 


grosser die Ladungstragerkonzentration 


betreffenden Probe ist.* Die Ladungstragerkon- 
zentration bei Zimmertemperatur liegt fiir die 
verschiedenen Kristalle zwischen 2x 1015 und 
6 x 101” Elektronen/cm?. 


* Dieser Zusammenhang wird in der Literatur 
haufig qualitativ als Meyersche Regel bezeichnet 
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Durch eine hinreichend lange Sauerstoffbe- 
handlung bei Temperaturen von 850°C und 
1050°C und Sauerstoffdrucken > Partialdruck der 
Luft, Elektronenkonzentration der 
Kristalle bei stark, u.U. 
um 1-2 Gréssenordnungen der 
Temperaturkoeffizient von 1/Rye wird ebenfalls 
stark vergréssert (Abb. 8,9). Die relative Her- 
absetzung der  Elektronenkonzentration _ bei 
T = 300°K und die relative Vergrésserung des 
Temperaturkoeffizienten von 1/Rye werden umso 


wird die 
Zimmertemperatur 
herabgesetzt, 


#000 200 100 60 °K 





Kristall Nr 6 


> wundotiert 
© 0 5-behandelt 











5 10 15 x 109 %K-! 


Kehrwert der abs. Temperatur 


Ass. 9. Reziproke Hallkonstante vor und nach Ovs- 

Behandlung. Kristall Nr. 6 war 450 h bei 850°C und 

20 atm. Sauerstoff behandelt worden; undotiert: 
Ep = 0,39 eV: Oo-behandelt : Ep = 0,46 eV. 


geringer, je 


zentration bei TJ = 


kleiner die Ausgangselektronenkon- 
300°K betreffenden 
Dabei zeigen Kristalle mit kleiner 


der 
Kristalle ist. 
Ausgangsleitfahigkeit unter denselben Bedingun- 
Elektronenkonzentration und 
einen grésseren Temperaturkoeffizienten als solche 
Die 
behandelten 


gen eine tiefere 


héherer Ausgangsleitfahigkeit. untere 
Sauerstoft 
Kristallen gemessenen Elektronenkonzentrationen 
10914 
Elektronen/cm?, die obere Grenze der gemessenen 
Abtrennarbeiten bei 0,47 eV. Aus den Kurven 
kann man weiter entnehmen, dass die reziproke 
Hallkonstante 


mit 


Grenze der bei mit 


bei Zimmertemperatur liegt bei einigen 


besonders bei tiefer leitenden 
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Kristallen einen temperaturabhangigen ‘lem- 
peraturkoeffizienten aufweist, derart, dass bei 
tiefen Temperaturen der Temperaturkoeffizient 
abnimmt. 

Da sich der Temperaturverlauf der elektrischen 
Leitfahigkeit praktisch nicht von dem der rezi- 
proken Hallkonstante unterscheidet, wurden die 
Messungen der elektrischen Leitfahigkeit hier 
nicht explizit angefiihrt, sondern sind nur in den 
berechneten Hallbeweglichkeiten enthalten. 





Hallbeweglichkeit 


Kristall Nr.? 
x undotiert 
+ 0-behandelt 











10 x 103°! 


Kehrwert der abs. Temperatur 


Ass. 10 und 11. Hallbeweglichkeit vor und nach Sauerstoffbehandlung der in 


(c) Kristalle mit Cu-Zusatz 

Das wahrend Wachstums in die ZnO- 
Kristalle eingebaute Kupfer hat augenscheinlich 
eine ahnliche Wirkung wie nachtraglich in un- 
dotierte Kristalle eindiffundierter Sauerstoff. Es 
verursacht eine starke Herabsetzung der Konzen- 
Leitungselektronen und hat eine 
merkliche Vergrésserung Temperaturko- 
effizienten von 1/Rye zur Folge (Abb. 12). Der 
Effekt wird umso stirker, je grésser die eingebaute 


des 


tration der 


des 





Kristall Nr. 6 


undotiert 
© 0>5-behandelt 


Hallbeweglichkeit 








10 x 10°39 *K"" 
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Kehrwert der abs. Temperatur 


Abb. 8 und 9 


gemessenen Kristalle als Funktion der abs. Temperatur. 


Die Hallbeweglichkeit wachst bis etwa 200°K 
bei abnehmender 'Temperatur mit 7~* wobei « 
zwischen 1,2 und 1,7 bestimmt wurde (Abb. 10,11). 
Bei tieferen ‘Temperaturen nimmt die Steigung der 
uwH-Kurven langsam ab. Bei den meisten Kristall- 
proben hatte die Sauerstoffbehandlung eine geringe 
Erhéhung der Beweglichkeit bei tieferen ‘Tem- 
peraturen und einen leichten Anstieg des 
Temperaturkoeffizienten im Gebiet der Zimmer- 
temperatur zur Folge (Abb. 10, 11). Es wurden 
aber auch Kristalle vermessen, bei denen kein 
Unterschied der Beweglichkeit im undotierten 
und Oog-behandelten Zustand festgestellt werden 
konnte. Eine Abnahme der Beweglichkeit nach 
Sauerstoffbehandlung trat in keinem Fall auf. 


Kupfermenge ist. Diese  variierte zwischen 
2.5 x 1017 3,5 x 1018 Cu-Atome/cm?.* Die 
kleinsten bei Zimmertemperatur gemessenen Elek- 
tronenkonzentrationen liegen bei 1014 Elektronen, 
cm, die grésste Abtrennarbeit betragt 0,49 eV. 
Der Temperaturkoeffizient von 1/Rye nimmt bei 
tiefen ‘'emperaturen ab. 

Die Absolutwerte und der Temperaturverlauf 
Beweglichkeit den bet 


und 


der entsprechen etwa 


*Die in dieser Arbeit angegebenen Cu- und In- 
Konzentrationen wurden spektralanalytisch von Herrn 
Dr. E. GoLLING im Forschungslabor der Siemens- 
Schuckert-Werke Erlangen bestimmt. Ich méchte ihm 
meinen herzlichen Dank 


an dieser Stelle nochmals 


aussprechen. 
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undotierten und Qos-behandelten Kristallen er- 
haltenen Ergebniss« eweglich- 
keit variiert im Gebiet der Zimmert 
it 7-32, Das Tem- 

licher 


emperatur 
ebenfalls 
‘Tem- 
merklich yon der Cu- 


; 
peraturbereich 


Konzentration 














Kehrwert der abs. Temperatur 


Ass. 12. Reziproke Hallkonstante von Kristallen mit 


Cu-Zusatz als Funktion der abs. ‘Temperatur. 


Abtrennarbeit Ep 
0,33 eV 
0,45 eV 
0,49 eV 


Cu-Gehalt 
5 x 102? Cu-Atome/cm? 
,1 x 1018 Cu-Atome/cm? 
x 1018 Cu-Atome/cm?® 
Die Abtrennarbeit Ep wurde aus dem Hochtemperatur- 
teil der Kurven gewonnen. 


DISKUSSION 


Die experimentellen Ergebnisse, der vorange- 
gangenen Abschnitte lassen sich nicht mit Hilfe 
des einfachen Halbleiter-Modells erklairen, in 
welchem der Strom durch eine Sorte von Ladungs- 
tragern in einem Leitun and getragen wird. 

Zur Erklarung der Et 
Modelle erforderlich. 


gemeinsam, dass der 


os 
Te 


sb 
‘kte sind kompliziertere 
Modelle haben alle 


Strom durch mindestens 2 


Dies« 


parallellaufende Leitungsmechanismen getragen 


wird. Das Ausmass, in welchem die verschiedenen 
Mechanismen ; er Leitung teilhaben, Andert 


sich mit der ‘Temperatur. An solchen Modellen 
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sind im einzelnen zu nennen: 

1. Das Stérbandmodell, d.h. Leitung ist nicht 
Leitungsband 
sondern auch in einem Stérband, das durch 
Stodrstellen (z.B. BALTEN- 
SPERGER"9)), 


nur im normalen noéglich, 


wird 


gebildet 


Ein Modell, das makroskopische Inhomo- 


genitaiten beriicksichtiet. 





Hallbeweglichkeit 











7 


10 x 10°3 °K 


Kehrwert der abs. Temperatur 


Ass. 13. Hallbeweglichkeit von ZnO-Kristallen mit 

Cu-Zusatz als Funktion der abs. Temperatur. (Angabe 

der Cu-Konzentrationen der Kristalle 11, 12 und 13 
im ‘Text der Abb. 12). 

3,5 x 1017 Cu-Atome/cm? 

,5 X 1018 Cu-Atome/cm? 


3. Ein Modell, bei welchem Anderungen der 
Leitfahigkeit an der Kristalloberflache, z.B. 
durch adsorbierte Gase, beriicksichtigt wer- 
den oder das Zustande, die durch Verset- 
worden sind, 


zungen hervorgerufen 


einschliesst. 
Bei der im folgenden gegebenen Deutung der 
vorliegenden Modell 1 
und 2 verwendet. Mit der Wirkung einer besonder- 


Ergebnisse werden nur 
en, durch Gasadsorption geschaffenen Oberfla- 
chenleitfahigkeit ist praktisch nicht zu rechnen, 
da die verwendeten Kristalle vor den Messungen 
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bei 10-6 Torr einige Stunden Temperaturen von 
200-400°C ausgesetzt waren. Ebenso ist die Kon- 
zentration der durch Versetzungen hervorgerufen- 
en Zustande sicher zu gering (nach ‘THomas"!) 
etwa 1014 cm-3), um bei den vorliegenden Dona- 
torenkonzentrationen eine Rolle zu spielen. 


(A) Kristalle mit Indium-Zusatz 
Es gilt als ziemlich sicher, dass das wahrend des 


Kristallwachstums Indium _substitu- 


tionell ins Grundgitter des ZnO eingebaut wird 


zugesetzte 


und dort als Donator sein iiberschiissiges 3 Va- 
lenzelektron abgibt.“1) Optische und elektrische 
Messungen haben Indium 
homogen iiber den Kristall verteilt ist, sodass 
nicht mit einer Wirkung von makroskopischen 
Inhomogenitaéten zu rechnen ist. Wir 
deshalb in der nachfolgenden Diskussion 
Stérbandmodell verwenden. 

Die spektralanalytisch bestimmten In-Konzen- 


ergeben, dass das 


werden 


das 


trationen der gemessenen Kristalle lagen zwischen 
9x 1017 und 6x 1019 Indium-Atome/cm~*. Beim 
CdS, einem seiner Struktur nach dem ZnO sehr 
verwandten Verbindungshalbleiter, hat man bei 
aihnlich hohen Donatorenkonzentrationen zur 
Deutung der experimentellen Ergebnisse das 
Stérbandmodell verwendet (KROGER et al.“!?)) 
Bei den Elementhalbleitern Ge und Si wird schon 
bei viel kleineren Donatorenkonzentrationen die 
Existenz von Stérbandern angenommen (z.B. CoNn- 
WELL"!®)), Der bei héheren Donatorenkonzentra- 
tionen beobachtete Effekt, dass die Aktivierungs- 
energie der Donatoren gegen Null geht, wird auf 
eine Uberlappung des Donatorenbandes mit dem 
Leitungsband zuriickgefiihrt. 

Wie 


lassen 


sich im folgenden herausstellen wird, 


die experimentellen Befunde der 
Indium-dotierten ZnO-Kristalle 
gut durch die Annahme eines Donatorenbandes 


unterhalb des Leitungsbandes erkliren. 


sich 


ebenfalls recht 


(1) Reziproke Hallkonstante. Fir den Fall, dass 
noch keine Uberlappung zwischen Donatorenband 
und Leitungsband vorliegt, also bei nicht all- 
zugrossen Donatorenkonzentrationen, liefert das 
2-Bandmodell Ausdruck fiir die 
reziproke Hallkonstante“!*) : 


folgenden 


(jp. + Nop12)" 
a (1) 


N14 41H + NopepeH 


Dabei sind : 

ny bzw. ; Ladungstragerkonz. bzw. Beweglichkeit 
in Band 1 (Leitungsband) 

ng bzw. v2 Ladungstragerkonz. bzw. Beweglich- 
keit in Band 2 (Donatorenband) 

fH = Hallbeweglichkeit, ~ = Driftbeweglichkeit 
der Leitungselektronen. 


Im allgemeinen gilt: yi > w2; wH/p =f, liegt 
zwischen 1 und 2 und hiangt vom jeweiligen 
Streuprozess ab. (Im Entartungsfall gilt zzz/u = 1) 
Ferner ist : 21+n2 = Np wobei Np die Dona- 
torenkonzentration ist. Wenn gleichzeitig Akzep- 
toren vorhanden sind, gilt mj} +n2 = Np—WN4,. 
Bei hohen ‘Temperaturen gilt : mj) > noue und 


es folgt : 
l I 


— Xn (2 
Rye ) 


d.h. bei hohen Temperaturen wird die Leitung 
praktisch véllig vom Leitungsband getragen, da 
fast alle Elektronen im Leitungsband sind. 
Differenziert man den Ausdruck fiir die rezi- 
proke Hallkonstante (G1.1) nach der Temperatur, 
so erhalt man fiir 1/Rye ein Minimum. Macht 
man die vereinfachenden Annahmen, dass ;11/42 
b nicht temperaturabhiangig ist, und dass piy7/1 = 
HeH/pe = bH/p 1, dann findet man das Mini- 
mum bei der ‘Temperatur, fiir die gilt : 


1 
— x(Np—N4) 


~ Nip, = Nope (3) 
1+5 ve ( 


nn) = 
Das Minimum der reziproken Hallkonstanten 
liegt also ungefahr bei der Temperatur, fiir die die 
Leitfahigkeit 
des Leitungsbandes wird. 
Fiir die reziproke Hallkonstante beim Minimum 
gilt : 


des Donatorenbandes gleich der 


1 , : 4b 
= (Np— Na) 


- (4 
| ae. 


| Rue / min 


der Diskussion der 


Wie in 
Beweglichkeitsmessungen 
wachst b = y/u2 mit abnehmender Donatoren- 


nachfolgenden 
noch gezeigt wird, 
dichte. 

Gl. (3) und (4) bestatigen damit das experimen- 
telle Ergebnis, dass die Minima der reziproken 
Hallkonstanten umso tiefer sind und sich nach 
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umso tieferen Temperaturen hin verschieben, je 
kleiner die Donatorenkonzentration der jeweiligen 
Probe ist. Es muss also ein umso grésserer Pro- 
zentsatz der z.B. bei Zimmertemperatur im 
Leitungsband vorhandenen Elektronen ins Dona- 
torenband herunterfallen, bevor die Donatoren- 
bandleitung gleich der des Leitungsbandes wird, 
Leitfahigkeit in Donatoren- 
Bei noch tieferen ‘Temperaturen 
wird die Dona- 
torenband iibernommen, da ne gleich (Np—N 4) 
wird. 1/Rye bleibt dann konstant (Kristall d!). 
Die Tatsache, dass bei Proben mit einer Dona- 
torenkonzentration Np > 5x 1018 In-Atome/cm® 
keine Temperaturabhangigkeit von 1/Rye mehr 
festzustellen ist, zeigt, dass fiir solche Donatoren- 


je kleiner die den 
zustanden ist. 
Leitung schliesslich ganz vom 


° . y% 
konzentrationen die Uberlappung des Donatoren- 
bandes mit dem Leitungsband einsetzt und somit 
die Aktivierungsenergie Ep gegen Null geht. 


(2) Hallbeweglichkeit. Das 'Temperaturverhalten 


von py wird in dem einfachen 2-Bandmodell 


gegeben durch die Gleichung : 


14141 + 12p22H ™ 

pH = Ry Xc- —_—_—__——— (5) 
1} fA} - N22 

Np—Na, 


Dabei und im 


allgemeinen : 4; > poe. 


gilt wieder: 1,;+79 

Fiir hohe Temperaturen gilt : 1 
f1H 

Fir tiefe T'emperaturen gilt: nz > nj) > py = 
42H 

Bei hohen Temperaturen wird also die gemessene 
Hallbeweglichkeit Beweglichkeit im 
Leitungsband dargestellt. Sie steigt bei Kristallen 
(Kristalle a,b) bei 


durch die 
mit kleinerer Dotierung 
abnehmender Temp. zunachst noch an (Gebiet 
der Gitterstreuung). Die Abhangigkeit von py 
bei Zimmertemperatur von der Dotierung zeigt 
deutlich, dass hier auch schon St6rstellenstreuung 
vorliegt. 

Bei tiefen ‘Temperaturen geht jy iiber in die 
charakteristische Bewe- 


fiir das Donatorenband 


glichkeit ez und ist dann temperaturunabhiangig 
(Fermistatistik?). Der Ubergang erfolgt bei umso 
hdheren Temperaturen, je grésser die Stérband- 
leitung, also die Donatorenkonzentration ist. Bei 
den Kristallen d, e und g liegt der Ubergang noch 


im zur Verfiigung stehenden Temperaturbereich. 


Bei Kristallen mit kleinerem Donatorengehalt 
(Kristalle a, b, c) ibernimmt das Stérband die 
Leitung erst bei Temperaturen, die unterhalb 
der Messgrenze von 63°K liegen, der Ubergang 
konnte bei diesen Kristallen also nicht mehr 
experimentell erfasst werden. Es ist aber méglich, 
mit Hilfe der Gl. (4) und den experimentell 
bestimmten Werten (1/Rye)min, No—-Na>n 
(300°K) und piy, die Stérbandbeweglichkeit poz 
naherungsweise zu Die Ergebnisse 


Naherungsrechnung sind in der letzten 


berechnen. 
dieser 
Spalte der Tabelle 1 aufgefiihrt : 


Tabelle 1. Zusammenhang zwischen der Differenz 
aus Donatoren- und Akzeptorenkonzentration 
Np— Na und der Donatorenbandbeweglichkeit pox 


Kristall Np—WNa, cm-3 pen, cm?/V sec 


9 x 1017 


1,7 x 1038 


2,5 x 1028 


4x 1038 


Diese Werte kénnen natiirlich wegen der ver- 
wendeten Modellvorstellung und den vereinfach- 
enden Annahmen nur als Orientierungswerte 
gelten. 

Nach dem experimentellen ‘Temperaturverlauf 
von py ist bei den Kristallen a,b,c auf jeden Fall 
eine Stérbandbeweglichkeit poz < 10 cm?/V sec 
zu erwarten. Kristal] d strebt einem Tieftempera- 
turwert der Hallbeweglichkeit etwa 20 
cm2/V sec zu, in guter Ubereinstimmung mit dem 


von 


berechneten Wert. 

Die aus dem 2-Bandmodell berechneten Werte 
fiir ay bestatigen die zunachst anomal erschein- 
ende ‘Tatsache, dass Kristalle mit héherer Dona- 
torenkonzentration bei tiefen ‘Temperaturen eine 
gréssere Hallbeweglichkeit haben als solche mit 
geringerer Donatorendichte. Bei tiefen 'Tempera- 
turen wird die Leitung im Kristall durch das 
Donatorenband getragen. Ein grésserer Dona- 
torengehalt hat eine zunehmende Uberlappung der 
Elektronenwellenfunktionen benachbarter Dona- 
toren zur Folge und damit eine Verbreiterung des 
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Donatorenbandes. Die Stérbandbeweglichkeit ist 
umso grésser, je breiter das Stérband ist, was der 
Vorstellung entspricht, dass die 
zunehmender 


allgemeinen 
effektive 
kleiner wird. 

Aus den Beweglichkeitskurven der Kristalle g 
und h geht hervor, dass fiir In-Konzentrationen 
Np > 10!% Atome/cm? die Beweglichkeit keine 
Temperaturabhiangigkeit mehr zeigt. Bei so hohen 
Konzentrationen sind Donatoren- und Leitungs- 
band weitgehend verschmolzen. 4; und ye sind 
nicht mehr unterscheidbar und es gilt iiber den 
ganzen Temperaturbereich : 41 = pe. Bei diesen 
hohen Konzentrationen ist wegen Entartung 
keine ‘Temperaturabhangigkeit der Beweglichkeit 
mehr zu erwarten. 

Da die 2-Bandformel zu viele Variable enthalt, 
ist es nicht méglich, eine quantitative Angabe 
tiber den Temperaturverlauf von xy im Gebiet 


Masse mit Bandbreite 


WO 11,1] © Nou2 zu geben, also z.B. den experi- 
mentellen Befund eines 7'*+3.5-Gesetzes bei kleinen 


Indium-Dotierungen quantitativ zu erklaren. 


Dagegen ist eine qualitative Erklarung des relativ 
steilen Abfalls der Beweglichkeitskurven bei tiefen 
Temperaturen und schwacher Dotierung méglich. 
Man muss dabei folgendes beriicksichtigen : (a) 
#41 > pe: (b) der Ausdruck fiir die Beweglichkeit 


(G1.5) enthalt die temperaturabhangigen Elek- 
tronenkonzentrationen und Beweglichkeiten der 
beiden Bander. 

Das Temperaturverhalten der Leitfahigkeit o 
(Abb. 5) wird bestimmt durch die eben diskutierten 
Temperaturabhangigkeiten von wy und 1/Rye. 


(B) Kristalle ohne Zusatz, mit Sauerstoff behandelte 
Kristalle und Kristalle mit Cu-Zusatz. 


(1) Reziproke Hallkonstante von undotierten und 
Ov2-behandelten Kristallen. Wie aus den gemessenen 
1/Rye-Werten hervorgeht, liegen die bei héheren 
Temperaturen an undotierten  Kristallen — be- 
stimmten Elektronenkonzentrationen betrachtlich 
iiber den spektralanalytisch bestimmten Zusatz- 
konzentrationen von Fremdatomen.®) Diese 
kommen also als Donatoren nicht in Frage. 

Mit Hilfe eines von Secco und 
angegebenen chemischen Analysenverfahrens 
wurde der in ZnO vorhandene stéchiometrische 
Metalliiberschuss bestimmt. Als Mittelwert vieler 
Analysen ergab sich fiir unbehandelte Kristalle 
eine Uberschusskonzentration von 8 x 1017 Atome 


Moore'4-15) 
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cm®*, Durch die Analyse wurden nur solche Metalle 
nachgewiesen, die eine kleinere Elektronen- 
afhinitat als Wasserstoff haben. Spektralanalytische 
Bestimmungen aller in Frage kommenden Fremda- 
tome (iiberschiissiges Zn wird dabei nicht erfasst) 
ergaben im Mittel eine Fremdzusatzkonzentra- 
tion, die viel kleiner als 8 x 101? Atome/cm? war. 

Die relativ grosse n-Leitung undotierter ZnO- 
Kristalle beruht also mit grosser Wahrscheinlich- 
keit auf der Wirkung eines stéchiometrischen 
Uberschusses von Zn in ZnO. Es sind dabei 
grundsatzlich 2 Arten von Donatoren méglich. Zn- 
Atome auf Zwischengitterplatzen (Zno) und 
Sauerstoffliicken, die mit 2 Elektronen besetzt 
sind (O> ). Wir nehmen an, dass es sich bei den in 
dieser Arbeit vermessenen Kristallen in der 
Hauptsache um 2-fach mit Elektronen besetzte 
Sauerstoffliicken handelt. Fiir diese Annahme 
sprechen Untersuchungen tiber den Zusammen- 
hang zwischen Lumineszenz und elektrischer 
Leitfahigkeit,16) ferner die weiter unten dis- 
kutierte Wirkung des wahrend des Kristallwach- 
stums ins ZnO eingebauten Kupfers. 

Im folgenden wird also vorausgesetzt, dass im 
gemessenen ‘Temperaturbereich nur eine Sorte 
von Donatoren, namlich 2-fach mit Elektronen 
, eine Rolle spielt. 
9) durch 


besetzte SauerstofHiicken OF 
Die aus den 1/Rye-Kurven (Abb. 7, 8, 
Extrapolation nach 1/7 = 0 abgeschatzten Dona- 
torenkonzentrationen liegen zwischen einigen 
1017 und 1018 cm-3. Die Tatsache, dass der ‘T’em- 
peraturkoeffizient der reziproken Halikonstante 
von undotierten und Os-behandelten Kristallen 
umso kleiner ist, je grésser die Leitfaihigkeit der 
Proben ist, lasst vermuten, dass auf Grund 
verschiedener Konzentrationen ein und deselben 
Donators in den Kristallen verschieden breite 
Donatorenbander vorliegen. Je grésser die Dona- 
torenkonzentration ist, kleiner wird der 
Abstand zwischen oberer Kante des Donatoren- 
bandes und unterer Kante des Leitungsbandes. 
Dieser Abstand stellt die Aktivierungsenergie der 
Donatoren dar und bestimmt den ‘Temperatur- 


umso 


koeffizienten von 1/Rye. 

Von der Wirkung der Sauerstoffbehandlung 
kann man sich folgendes Bild machen : Sauerstoff 
diffundiert in den Kristall und fiillt die Sauer- 
stoffliicken im Anionengitter, die mit 2 Elektronen 
besetzt sind. Dadurch wird ein Teil der Donator- 
en vernichtet, die Breite des Donatorenbandes 
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Elektronenkonzentration im 
Leitungsband herabgesetzt. Fiir Modell 
spricht die bei den meisten Kristallen gefundene 
Sauerstoftbehand- 


verkleinert und die 


dieses 
Beweglichkeitszunahme nach 
lung (Verminderung der Streuung an Storstellen). 
Dieser Befund spricht gegen die Annahme, dass 
ein wesentlicher Teil des Sauerstoffs im Zwischen- 
gitter als Akzeptor die Wirkung der Donatoren 
kompensiert (vgl. auch (16)). 

Die 1/Rye-Kurven 
stoffbehandelter Kristalle zeigen, dass der ‘Tem- 
reziproken Hallkonstante 
Besonders tieferleitende 


undotierter und sauer- 
peraturkoeffizient der 

temperaturabhangig ist. 
Kristalle zeigen bei tiefen Temperaturen eine 
kontinuierliche Abnahme des Temperaturkoeffizi- 
enten von 1/Rye. Sauerstoffbehandlung hat sowohl 
im Hoch- wie im Tieftemperaturgebiet eine 
Zunahme des 'Temperaturkoeffizienten zur Folge. 
Mit grosser Wahrscheinlichkeit ist das kontinuier- 


liche Abbiegen von 1/Rye in der Hauptsache auf 


die Wirkung makroskopischer Inhomogenitaten 
in der Konzentration ein und desselben Donators, 
1amlich zweifach mit Elektronen besetzter Sauer- 
stoffliicken, zuriickzufiihren. Nach Messungen mit 
Hilfe einer Potentialsondenmethode weisen be- 
sonders Kristalle mit niedriger Leitfahigkeit in 
Langs- und Querrichtung Bereiche mit grésserer 
und kleinerer Leitfahigkeit auf. Diese Befunde 
sind in Ubereinstimmung mit Lumineszenz- und 
Leitfahigkeitsmessungen Herrn Prof. E. 
Motiwo"?), Inwieweit geringe Konzentrationen 
von Zwischengitter-Zink und Fremdatomen mit 
kleiner Aktivierungsenergie eine Rolle spielen, 


von 


kann nicht entschieden werden. 

Der Einfluss makroskopischer Inhomogenitaten 
Verlauf 
1/Rye wird durch ein bei KROGER et al.) 


Modell Der 


verschiedenen in 


quer zur Stromrichtung auf den von 


dis- 
Kristall ist dabei 


kutiertes erfasst. 


aus zwei sich homogenen 
Bereichen aufgebaut. Dieses Modell liefert eine 
reziproke Hallkonstante, die in komplizierter Weise 
von den Geometrieverhaltnissen und den elektri- 
schen Eigenschaften der ‘Teilbereiche abhangt. 
Nimmt man fiir die Teilbereiche geeignete Werte 
an, so liefert eine Diskussion der massgebenden 
Formel"?) folgende Aussage: Bei hohen Tem- 
peraturen dominiert der Kristallbereich mit dem 
grésseren l’emperaturkoeffizienten (Bereich 1), bei 
tiefen ‘Temperaturen der Bereich mit dem 


kleineren ‘Temperaturkoeffizienten (Bereich 2). 
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Dieses Verhalten kommt bei den gemessenen 
1/Rye-Kurven deutlich zum Ausdruck. 
Im einzelnen ergibt sich: 


l 

Rye 

fiir hohe ‘Temperaturen 
1 

Rye 


~ As ; (7) 


fiir tiefe Temperaturen. m, bzw. ng sind die 


Elektronenkonzentrationen in Bereich 1 bzw. 2, 


f ist das Verhaltnis der Beweglichkeiten py/p 


(vgl. weiter oben). Im Falle der Nichtentartung 
gilt: fi; = 37/8 und fe » 2. A; bzw. Ag sind 
Geometriefaktoren. Sie enthalten die Bruchteile des 
Gesamt-Kristallquerschnittes, die der tieferleitende 
Bereich (1) bzw. der héherleitende Bereich (2) 
einnimmt. 

Die ‘Tatsache, dass die makroskopischen In- 
homogenititen héchstwahrscheinlich nur von 
verschiedenen Konzentrationen ein und desselben 
Donators herriihren und dass_ verschiedene 
Kristallbereiche trotzdem verschiedene 'Tempera- 
turkoefhizienten haben, deutet darauf hin, dass in 
den einzelnen Kristallbereichen Donatorenbander 
von verschiedener Breite vorliegen. Diese bestim- 
men dann in einem speziellen ‘Temperaturbereich 
das Temperaturverhalten von 1/Rye, wahrend sie 
in einem anderen Temperaturbereich nicht mehr 
wirksam sind. 

Auf 
daraus resultierenden komplizierten Form der 
Hallkonstante ist es nicht méglich, eine fiir den 
ganzen Kristall geltende Aktivierungsenergie FE p 
zu gewinnen. Man muss sich besonders bei den 
Kristallen mit kleiner Leitfahigkeit auf 
Hochtemperaturende der 1/Rye-Kurven beschran- 
denn nur dort erhalten wir eine Beziehung 


Grund der Inhomogenitaten und der 


das 


ken, 
von der Form : 


wobei 

0)\1/2 T 1/2 mMettl 

ny (No)? x (Noi —m)!? > 
Mo 


x D-12 x exp(— Ep /2kT) 
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Zustandsdichte des Leitungs- 


N,. = effektive 
bandes 


Np — 


Kristallbereiches 


Donatorendichte des _ tiefstleitenden 
Mert, bzw. mo ist die effektive bzw. freie Elektron- 
enmasse 

D ist die 


gewohnlich den Wert 2. 


Donatoren-Entartung und _ hat 


; yr 
sog. 


Diese Gleichung gestattet die Berechnung der 
Aktivierungsenergie fiir das Hochtemperaturge- 
biet von 1/Rye. Hier ist auch der Temperaturko- 
effizient in den meisten Fallen iiber einen relatiy 
grossen T‘emperaturbereich konstant, sodass bei der 
Bestimmung von Fp; keine allzugrossen Fehler 
dem _ verwendeten 


méglich sind. Ferner ist in 


Temperaturbereich (£ p; wurde zwischen 1/7' = 3 
und 1/7 = 4x 10-8°K~! bestimmt) keine grosse 
Anderung von f; mit der Temperatur zu erwarten, 
da sich in diesem Bereich der Streumechanismus 
wenig andert. 

Die Hochtemperaturbereich von 
1/Rye Aktivierungsenergie £p) 
gehért zu dem Kristallbereich mit der jeweils 
Donatorenkonzentration. Da _ in 
Donatorenbander 


aus dem 


gewonnene 
kleinsten den 
einzelnen 
vorliegen, bezeichnet Ep, jetzt allgemein 
Kante 


Kristallbereichen 
den 
oberer des 


Energieabstand zwischen 


schmalsten vorliegenden Donatorenbandes und 
unterer Kante des Leitungsbandes. 

Eine Auswertung der Gl. (8) nach Ep; mit 
Hilfe von m; ~ f1/Rye macht eine genaue Kenntnis 
von Np; nétig. Da der Sattigungscharakter der 
1/Rye-Kurven bei hohen Temperaturen noch 
nicht sehr ausgepragt ist, kann Np; nur sehr 
ungenau abgeschatzt werden und wir miissen 
deshalb zu einer Vereinfachung der Gl. (8) 
greifen : Da m; bei T = 300°K noch keine Siatti- 
gung zeigt, kénnen wir annehmen, dass in der 
Umgebung von 7 < 300°K gilt: 

Np > Ny: 

Damit ergibt sich aus Gl. (8) : 


fi 


1/2 


Npi 
—= 4 - 4 x 70 —_ — 
Rye = Ayn = Ay (ve 3 


3/4 


x exp(—£'p1/2kT) (9) 


Meffl 

x — 
mo 

Mit Hilfe der Gl. (9) kann nun Fp; bestimmt 


werden (vgl. Abb. 15). 
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(2) Reziproke Hallkonstante von Cu-dotierten 
Kristallen. Zum Einbau des Kupfers in ZnO 
Modellvorstellung entwickelt : 
Wir nehmen an, dass das Cu zunichst als einwer- 


wurde folgende 
tiges Kation in das Grundgitter des ZnO eingebaut 


wird und dort ein 2-wertiges Zn-Ion ersetzt. Der 


o7- Zn** 


zn** e | 


an” 


Ass. 14. Atomistisches Bild zum Einbau von Kupfer in 
ZnO mit Sauerstoffliicken. (a) Zeigt einen neutralen 
Donator Of, einen ionisierten Donator Op plus Leit- 
ungselektron, zwei im Gitter eingebaute Cut-Ionen mit 
zugehOoriger Sauerstoffliicke Or. (b) Folgt aus (a) durch 
Einfang des Leitungselektrons durch die Sauerstoffiicke. 
(c) Folgt aus (b) durch Assoziation der Cut-Ionen mit 
den einfach besetzten Sauerstoffiicken. Fiir die dadurch 
werden Darstellungen 


Assoziate zwei 


gegeben. 


entstehenden 


Kupfereinbau hat aus Griinden der Elektro- 
neutralitat die Bildung zusatzlicher Sauerstoff- 
liicken zur Folge, die zu den durch Zn-Uberschuss 
geschaffenen noch hinzukommen. Fiir den Einbau 


kann man folgende Reaktionsgleichung ansetzen : 
(1—2e)Zn**O 
= Zn7y" »,, Cus, O O 


Zé) Ze a= € 


+ eCu,O 


Dabei bedeutet Op eine leere Sauerstoffliicke im 
Anionengitter. 2 x Cu-lonen erzeugen also x leere 
Sauerstoffliicken (Abb. 14a). Diese x 


SauerstofHliicken reagieren 2 fach 


leeren 


mit x 2 mit 
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Elektronen besetzten Sauerstoffliicken nach fol- 


gender Reaktionsgleichung (Abb. 14b): 
xO 5 +x075=2x0r 


Wir nehmen an, dass keine beliebige Verteilung 
und einfach besetzten SauerstofHiicken 
im ZnO vorliegt, sondern Cut mit 
den vorhandenen einfach besetzten Sauer- 
stoffliicken (Of) assoziiert (Abb. 14c). Assoziation 
einer einfach besetzten Sauerstoffliicke mit Cu* 
die Aufenthaltswahrscheinlichkeit 
des Elektrons am Cut grésser ist als an den 
umgebenden Zn*+-Nachbarn, mit 
Worten, das Cu liegt praktisch neutral im Grund- 
gitter des ZnO vor. Jedem Cu-Atom ist eine leere 
Sauerstoffliicke zugeordnet. Durch den Einbau 
von 2 x Cu-Atomen verschwinden also x urspriin- 


von Cu 


dass das 


bedeutet, dass 


anderen 


glich vorhandene Donatoren. 

Dieses Modell wird gestiitzt durch elektro- 
chemische Uberlegungen. Aus den Ergebnissen 
mit undotierten ZnO-Kristallen weiss man, dass 
bei den verwendeten Herstellungsbedingungen 
fiir das ZnO“:5) keine vollstandige Oxydation des 
Zn-Dampfes erreicht wird. Stéchiometrischer 
Uberschuss von Zn! Die Herstellung der Cu- 
dotierten Kristalle erfolgte unter den gleichen 
Bedingungen. Es wurden Zn und geringe Mengen 
von Cu gleichzeitig verdampft, das Dampfgemisch 


oxydiert und zwar bei der gleichen ‘Temperatur 
und demselben Sauerstoffdruck wie im Falle der 
Tatsache, dass 


nichtdotierten Kristalle. Aus der 
Cu eine gréssere Elektronenaffinitat als das Zn 
besitzt,"8) miissen wir schliessen, dass bei der 
offensichtlich nicht vollstandigen Oxydation das 
Cu hauptsachlich als neutrales Cu im ZnO 
vorliegt. 

Nach dem oben entwickelten Modell hat Cu 
also keine Donatoren kompensierende, sondern 
ebenso wie Einbau Sauerstoff eine 
Donatoren vernichtende Wirkung. Dass Cu zu 
wesentlichem Bruchteil neutral ins Zwischengitter 
eingebaut wird, kann ausgeschlossen werden, da 
es dort als Donator wirken und die Leitfahigkeit 
erhéhen miisste. Das steht im Gegensatz zu den 


der von 


experimentellen Befunden. 

Eine Analyse der 1/Rye-Kurven ist mit den 
gleichen Annahmen wie im Fall der undotierten 
und Os-behandelten Kristalle méglich. Auf Grund 
makroskopischer Querinhomogenitaten, die Cu- 
dotierte Kristalle aufweisen, hat man es wieder mit 


G. BOGNER 


einer komplizierten Form der reziproken Hall- 
konstanten zu tun, wie sie bei KROGER ef al. 12) 
gegeben ist. Die ‘Temperaturabhangigkeit des 
Temperaturkoeffizienten von 1/Rye kann wieder 
mit verschieden breiten Donatorenbandern in den 
einzelnen Kristallbereichen erklart werden. Die 
Aktivierungsenergie wurde ebenfalls aus dem 
Hochtemperaturende der 1/Rye-Kurven mit Hilfe 
der Gl. (9) berechnet. 


Donatorenkonzentration Np 


2x10” 





Aktivierungsenergie E, 


@ Cu-dotierte Kristalie 


Kristalle 





> 4 te u. 0,- 











10" 10'5 10'6 107 
Elektronenkonzentration n bei 20°C 


Ass. 15. Zusammenhang zwischen der Elektronen- 
konzentration bei Zimmertemperatur und der nach 
Gl. (9) berechneten Aktivierungsenergie Ep fiir un- 
behandelte, Oe-behandelte und Cu-dotierte Kristalle. 
Die angegebenen Donatorenkonzentrationen Np wurden 
Extrapolation der Hochtemperaturwerte der 
1/Rye-Kurven gewonnen. 


durch 


In Abb. 15 wurden die so berechneten Aktivier- 
ungsenergien aller gemessenen undotierten, sauer- 
stoffbehandelten und Cu-dotierten Kristalle gegen 
die Elektronenkonzentration bei Zimmertempera- 
tur aufgetragen. Wir sehen, dass bei Kristallen mit 
Cu-Zusatz und solchen mit nachtraglicher Sauer- 
stofftbehandlung zu den gleichen Elektronen- 
konzentrationen bei 20°C die gleichen Aktivier- 
ungsenergien gehéren. Dies ist ein Argument fiir 
die Richtigkeit der oben gemachten Modellvor- 
stellung iiber den Cu-Einbau in ZnO. Hiernach 
soll ja das Cu ebenso wie der Einbau von Sauer- 
stoff donatorenvernichtend wirken. 

Die gréssten Aktivierungsenergien liegen bet 
etwa0),5 eV (Abb. 15). Nach unseren Vorstellungen 
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stellt diese Energie etwa den Abstand des diskreten 
Donatorenniveaus der 2-fach mit Elektronen 
besetzten SauerstofHiicke vom unteren Rand des 
Leitungsbandes dar. Dann ist es méglich, die 
Donatorenbandbreiten fiir héhere Donatoren- 
konzentrationen naherungsweise anzugeben. Fiir 
Donatorenkonzentrationen die grésser als 10!* 
cm-% sind, ergeben sich Bandbreiten von etwa 
1 eV und dariiber. 

Wie man aus Abb. 15 
entspricht der Erniedrigung der Donatorenkon- 
zentration um etwa eine Zehnerpotenz eine Ver- 
minderung der Elektronenkonzentration (bei 20°C) 
um etwa 4 Zehnerpotenzen. Der Grund hierfiir 
ist die starke Zunahme der Aktivierungsenergie 
mit abnehmender Donatorenkonzentration und 
der daraus folgende geringere Dissoziationsgrad 
der Donatoren. 

(3) Hallbeweglichkeit von undotierten, O2-behandel- 
ten und Cu-dotierten Kristallen. Bei einer Analyse 
des Temperaturverlaufs der gemessenen Hall- 
beweglichkeiten dieser Kristalle, muss den makro- 
skopischen Inhomogenitaten Rechnung getragen 
werden, die besonders Kristalle mit kleiner 
Leitfahigkeit in Langs- und Querrichtung aufwei- 
sen. 

Wie oben beschrieben, wurde versucht, die 
Wirkung der Langsinhomogenitaten dadurch zu 
vermindern, dass fiir die Berechnung der Hall- 
beweglichkeit die arithmetischen Mittel der an 
zwei Kristallseiten gemessenen Leitfahigkeiten 
und der an zwei Hallstrecken gewonnenen Hall- 
Ferner wurden 


weiter entnimmt, 


verwendet wurden. 
Langshomogenitat 


konstanten 
Kristalle 
ausgesucht. 

Um den Einfluss der makroskopischen Inhomo- 
genitaten quer zur Kristall-Langsachse auf den 
Temperaturverlauf der Hallbeweglichkeit zu er- 


mit relativ guter 


fassen, muss man wieder das bei KROGER et al.“!?? 
angegebene Modell beachten. Eine Diskussion der 
aus diesem Modell resultierenden Formel fiir die 


Hallbeweglichkeit"l?) ergibt folgende Aussage : 
Bei hohen Temperaturen wird die Hallbeweglich- 
keit durch die Bereiche mit kleiner Donatoren- 
konzentration bestimmt, wahrend bei tiefen ‘T'em- 
peraturen die Bedeutung der Bereiche mit grésse- 
rer Donatorenkonzentration erheblich zunimmt. 
Die Tatsache, dass die meisten Kristalle nach 
Sauerstoffbehandlung im Gebiet der Zimmer- 
temperatur und etwas 


darunter eine grossere 
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Beweglichkeit haben, als im  unbehandelten 
Zustand, deutet darauf hin, dass durch den ein- 
diffundierten Sauerstoff Liicken im Anionengitter 
aufgefiillt wurden, was einer Verminderung der 
Stérstellenstreuung entspricht. Die dabei auftre- 
tenden Anderungen sind gering und kénnen u.U. 
durch Messfehler verfalscht werden. Es sind aber 
auch nur kleine Effekte zu erwarten, da sich die 
Donatorenkonzentrationen bei Sauerstoffbehand- 
lung nicht um Gréssenordnungen dindern (vgl. 
Abb. 15). 

Die Beweglichkeit andert sich im Gebiet der 
Zimmertemperatur mit 7~*, wobei « etwa 1,5 ist, 
was darauf hinweist, dass in diesem Temperatur- 
gebiet hauptsichlich mit Streuung am akusti- 
schen Zweig der Gitterschwingungen zu rechnen 
ist.29) Die Tendenz, ein Grossteil der 
Kristalle nach Sauerstoffbehandlung im Gebiet 
der Zimmertemperatur ein etwas grésseres « als 
im unbehandelten Zustand aufweist, kann so 
erklart werden, dass bei den undotierten Kristallen 
Bereiche mit so hohen Donatorenkonzentrationen 
vorliegen, dass im Gebiet der Zimmertemperatur 
nicht allein die Streuung an Gitterschwingungen, 
sondern bereits die Streuung an _ ionisierten 
Stédrstellen®) eine Rolle spielt. Diese Streuung an 
ionisierten St6rstellen ist auch fiir das Abbiegen 
der Beweglichkeitskurven bei tiefen Temperaturen 
verantwortlich zu machen. Durch Sauerstoffbe- 
handlung wird die Donatorenkonzentration 
verringert, sodass der Anteil der Stérstellenstreu- 
Gebiet der 


dass 


ung am Gesamtstreuprozess im 
Zimmertemperatur abnimmt. 

Die experimentellen Befunde, dass die Absolut- 
werte und der Temperaturverlauf der Beweglich- 
bet 


Kristallen etwa den 


Kristallen 


keit von Cu-dotierten 
undotierten und Oo-behandelten 
haltenen Ergebnissen entsprechen und im zugiang- 
merklich von 


er- 
lichen ‘Temperaturbereich nicht 
der Cu-Konzentration abzuhangen  scheinen, 
deuten darauf hin, dass Cu nicht als geladene 
Stérstelle im ZnO vorliegt. Dies ist ein weiteres 
fiir Richtigkeit der uns 
gemachten Modellvorstellung iiber den 
von Cu in das ZnO. 


Argument die von 


Einbau 


Anerkennungen—Herrn Professor Dr. E. MoLLwo danke 
ich aufrichtig fiir die Anregung zu dieser Arbeit und 
fiir sein stets forderndes Interesse bei ihrer Durch- 
fiihrung. 
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Arbeit wurde durch Leihgaben der Deutschen 


Die 


Forschungsgemeinschaft unterstiitzt. 
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Abstract—Hall and conductivity measurements have been made on a series of oxygen-doped Ge 
crystals in which donors were formed by oxygen aggregation. Three donor energy levels (~ 0:2, 0:04 
and 0-017 eV) are found in partially reacted crystals. The shallowest level (0-017 eV) alone appears 
to be left on complete reaction and is therefore attributed to the donor containing 4 oxygen atoms. 
The other two levels are attributed to donors containing fewer oxygens. In particular there is good 
evidence favoring the assignment of the 0-2 eV level to the donor containing two oxygens. The con- 
centration of the 0-04 eV donor level is found to depend on temperature and time in a manner which 
suggests an internal rearrangement of the oxygen atoms. The energetics of this process have been 
studied and an attempt made to account for the results on the basis of an equilibrium between two 
forms of the donor. The bearing of the results on the reaction kinetics is discussed. 


1.” INTRODUCTION 
WHEN germanium containing oxygen in solution 
is heated in the temperature range 300-600°C, 
donors are formed.“) Depending upon the tem- 
perature, donor equilibria are reached which are 
able to be described in terms of a donor ‘“‘mole- 
cule” consisting of four oxygen atoms. 3) The 


equilibrium results are consistent with the donor 
having one level which is almost completely 


ionized at room temperature. Infrared investiga- 
tions) as well as kinetics studies,’ however, 
indicate that donors containing less than four 
oxygen atoms form during the initial stages of the 
reaction and suggest that a species which is neutral 
or partly ionized at room temperature is present 
during part of the reaction. The presence of inter- 
mediate donor species has also been postulated 
for the analogous reactions in silicon.“ Also 
infrared investigations’) in silicon show the 
presence of a variety of donor energy levels, 
suggesting that different donors are 
present in oxygen-doped Si during reaction at 
430°C. 

It is the purpose of the present paper to in- 


several 


vestigate the donors formed by the reaction of 


oxygen in Ge by means of Hall effect measure- 
the results with those 


and 


ments and to compare 
obtained from the equilibrium, kinetics, 
infrared work mentioned above. 

An attempt to determine the ionization energy 
of donors formed by the reaction of oxygen in Ge 
was made by BLoem et al.@) Their results indi- 
cated that than donor or a multi- 
levelled donor was present. Our results show that 
more than one donor is produced during the 
reaction. The changes in the Hall curves, both 


more one 


during the donor generation and the donor di- 
sociation reactions,®) have been explored further. 
Of particular interest is the finding that a donor 
formed early in the reaction is capable of a re- 
versible transformation with temperature. At 
fixed temperatures a relaxation of the donor re- 
sulting in reduced ionization is observed. This re- 
laxation phenomenon is discussed in detail below. 


2. EXPERIMENTAL 
A. Materials and procedure 
The oxygen-doped Ge crystals employed in this 
work were the same as employed in the previous 
investigations.%.5) The oxygen concentrations 
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were determined by infrared absorption measure- 
8) Three different oxygen concentrations 
2:2 x 1017 cm=3, 3-9 x 1017 cm 
3. In addition to the above, a crystal 


ments. 
were studied: 3 and 
4-9 x 101% cm 


containing 4-0 x 1016 cm~-3 In and 7-0 x 1017 cm-3 


16 
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in results attributable to the quench procedure 
was noted except that these crystals behaved 
more uniformly in the Hall measurements. Hall 
effect and conductivity were after 
reaction for different times at 300°C and at 350°C 


measured 
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6 7 8 9 10 


102/T°K 


Slectron concentration vs. 1/7 for 2:2 x 1017 cm~3 O reacted 
at 300°C. 


(a) Slow run on specimen reacted 
(b) Slow run on specimen reacted 


3 hr. 
66 hr. 


(c) Quenched run on specimen shown in (b). 


oxygen was examined after reaction to near in- 
trinsic 7-type in order to search for deep donor 
levels. 

“as 
3 


Oxygen-doped crystals were examined 


grown” and after a heat-quench procedure“ 


applied to the gold-plated specimens. No difference 


including one specimen (3-9 x 1017 cm-3 QO) re- 
acted to complete equilibrium (1500 hr). One 
series of measurements was made approaching 
equilibrium from the reverse direction at a tem- 
perature of 500°C. Reaction temperatures were 
controlled to 1°C. 





IONIZATION OF DONORS FORMED FROM OXYGEN IN GERMANIUM 





16 
10 T 


| | 
8 + ——+ - + $e or 





6 





QUENCH 


~ TEMPERATURE 7T 4 





3 
w 





ELECTRON CONCENTRATION , CM~> 
ey 
oS 


@ 


a 











03 04 O05 O06 
10/ T°K 


Fic. 2. Electron concentration vs. 1/T for a crystal containing 

2:2 x 10!” cm~3 O showing the effect of quenching. The donors 

in this specimen were formed by heat-treatment received 
during growth. 


B. Electrical measurements mount into liquid nitrogen (77°K) after initial 

All Hall effect and conductivity measurements measurement at room temperature. The relaxation 
were made on standard bridges®) cut from the measurements were made by rapidly raising the 
central portions of the doped crystals. Runs in quenched specimens to the desired temperature 
liquid Hg and liquid He were made to establish from liquid nitrogen temperature and measuring 
the lowest donor levels. Quenching experiments the change in Hall voltage with time at constant 
were performed by plunging the bridges and the _ temperature. 


R 
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Calculations of the electron concentration were 
made in the usual manner assuming py/up = |. 
Ionization energies were determined by plotting 
nT~3/2 ys. 1/T for the In-doped crystal (n < Nz 
and n7T-3/4 for the oxygen-doped crystals ( > Na). 
The latter plots provided one-half the ionization 


energy of the donor. 


3. RESULTS 


A. Determination of donor levels 

In order separately to determine the ionization 
levels of the different oxygen-containing species, 
Hall effect carried out on 


measurements were 


specimens reacted under different conditions. 


Fig. 1 shows the results of runs made at 300°C on 
the crystal containing 2-2 x 101? cm~3 O. Curve (a) 
was obtained after 3 hr, curve (b) after 66 hr and 
curve (c) is a re-run on curve (b) after quenching 
the specimen from 300°K to 77°K. It is seen that 
the electron concentration is markedly increased 
in the high temperature region by quenching 
from room temperature. This phenomenon is 
treated in detail in paragraph B below. Returning 
to curve (a) we note several slopes. The initial 
slope yields an ionization energy of 0-2 eV.* The 
next lower linear portion gives an energy of 
()-0085 eV. This is believed to represent one-half 
the true level (0-017 eV) which appears at still 
lower temperatures. There is also an inflection in 
the curve just below 50°K. This has not been 
indicated in Fig. 1, but is evident on Fig. 2 and 
in particular on Fig. 3 as a 0-04 eV level. In the 
latter the 0-017 eV level has been compensated by 
adding indium. 

There are present, therefore, three 
donor levels,~0-2, 0-04 and 0-017 eV in speci- 
mens which are only slightly reacted. It is tempt- 


distinct 


ing to assign these to the donors containing two, 


three and four oxygen atoms, respectively. 


However, shall 
difficulties with this assignment. 


as we see below, there are 





* A rather large error is present because it is necessary 
to subtract levels of lower ionization energy. Also be- 
cause these lower energy levels prevent investigation of 
the deep level into the truly linear portions of the Hall 
curves, the value of 0-2 eV must be regarded as a lower 
limit. Since n is very likely greater than N4, it is possible 
that this energy level is actually 0-4 eV. 
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B. Donor relaxation 

We wish next to discuss the quenching phen- 
omenon shown by curve (c) Fig. 1. Fig. 2 shows 
Hall results for the crystal containing 
2:2 x 1017 cm~8 oxygen. The donors in this crystal 
were formed by heat treatment received during 
growth. It is noted that as the temperature is de- 
creased from 300°K, a steep linear decrease in n 
occurs. This is the same process referred to above 
in connection with Fig. 1. The slope of the line, 
taken after correction for the shallow levels, is 
again about 0-2 eV. 

At about 200°K an abrupt change to a second 
slope occurs. The lower curve (Fig. 2) was 
obtained upon slow cooling from 300°K. How- 
ever, if the specimen was rapidly quenched in 
liquid Nz (77°K) from 300°K, the upper curve was 
obtained. Decreasing the temperature below 77°K 
showed the presence of a shallow level corre- 
sponding to 0-0167 eV. In Fig. 2, which includes 
only part of the data, the slope is halved because 
it is assumed that n > Ny. Fig. 2 like Fig. 1 also 
shows indication of a second level coming in be- 
tween 25 and 50°K.{ Results discussed below 
indicate that the energy corresponding to this 
level is about 0-04 eV. It is the concentration of 
this level which be increased on 
quenching. 

Of particular interest is the behavior of the 
upper curve in Fig. 2 when the temperature is 
quench temperature (77°K). 
decrease in m occurs in the 


appears to 


increased above the 
As noted, a strong 
temperature range near 200°K. In fact, m is found 
to decrease at constant temperature in this region 
and this will now be described in detail in con- 
nection with Fig. 3. 

The results in Fig. 3 were obtained on a Ge 
crystal which was doped both with indium 
(4-0 x 1016 cm~) and with oxygen (7-0 x 1017 cm~), 
The crystal was given the “‘heat-quench treatment” 
to insure that all oxygen was in the dissociated 
state and in solution initially. It was then reacted 
for 7hr at 350°C, after which the resistivity at 
25°C was 1-7 ohmcmn-type. The Hall effect 





+t This is believed to be the 0-017 eV level mentioned 
earlier, within the error of measurement. 

t This portion of the curve cannot be accounted for 
by assuming a single energy level. It can be fitted by 
assuming it is a composite of the 0-017 and 0:04 eV 
levels using an effective electron mass of 0°5 mo. 
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was then run on this sample according to the 
following procedure: Referring to Fig. 3, the con- 
tinuous curve shows the path followed when the 
measurements were made slowly, especially 
slowly in the neighborhood of 200°K. The dashed 
curves represent runs made after quenching to 
77°K and raising the temperature as described 
above. Three relaxation runs made at constant 
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The relaxation curves shown on Fig. 3 follow 
first order kinetics within the error in the experi- 
ments. A plot of the corresponding rate constants 
against 1/7’ (Fig. 4) gives an activation energy of 
6:-6+0-8 kcal (0-29 eV). A possible interpretation 
of this result will be given below. 

Figure 3 also shows the same effect found in 
the 


Fig. 2, namely that quenching results in 
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Fic. 3. 
4-0 x 1016 cm-? In and 


Electron concentration vs. 1/T for crystal containing 
7:0 x 101? cm-3O after 7 hr at 350°C. 


Continuous curves show paths for slow cooling. Dashed lines 


show paths below 


and above quench point (77°K). Vertical 


dashed lines show relaxations at constant temperatures. Point 


at 164°K was obtained 


temperature are shown: 190, 200, and 210°K 
(+0-3°K). All of these runs, it will be observed 
terminate on the “‘steep”’ or ‘‘0-2 eV line’’.* At the 
end of the 200°K run, measurements made lower- 
ing the temperature, followed the dashed line to 
164°K. 


* The value of 0-2 eV found for this specimen which 
contains 4:0 x 1016 cm~3 In can be made to agree with 
that of Fig. 1 only if it is assumed that the In and O react 
to reduce Nx below n (see footnote * on p. 254). 


after relaxation at 200°K. 


appearance of an enhanced concentration of the 
(0-04 eV level. The slope of 0-04 eV, as determined 
from Fig. 3, was obtained from a plot of nT~*/? vs. 
1/T since N 4 in this specimen is known to be very 
much greater than 2.j The concentration of this 
level is dependent on the temperature from which 


+ The slope of the ‘‘quenched”’ curve in Fig. 3 could 
not be obtained satisfactorily on account of the incidence 


of impurity conduction at low temperatures. 
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the quench to 77°K is made as well as on the rate 
of quench. 

A comparison of the unquenched with the 
quenched results on Fig. 1 (curves (b) and (c) 
respectively), shows that the two coincide within 
error of measurement over the low temperature 
portions. This indicates that only one level, which 
we now identify as the 0-04 eV level, is involved 
in the transformation and that the lower level 
(0-017 eV) is unaffected. 

It is found, furthermore, that the increase in n 


upon quenching passes through a maximum with 
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a deep-lying donor level (> 0-2 eV). Further dis- 


cussion of this topic is given below. 


C. Dependence of Hall results on extent of forward 
reaction 
The approximate the 
reaction (donor generation), based on room tem- 


kinetics of forward 
perature resistivity measurements, have already 
been described.©) Further information is fur- 
nished by the Hall measurements shown in Fig. 5 
for the crystal containing 3-9 x 10!" cm-3 O, re- 
shows curves for reaction 


acted at 300 £ Fig. a 
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Fic. 4. Plot of relaxation rate constants vs. 1/7. 


time of reaction, as does the 0:2 eV donor con- 
centration. However, in no case has more than 
3 x 10° cm~3 increase in m been observed at 77°C. 
Finally, the electron mobility has been observed 
to decrease upon quenching by an amount which 
can be explained by an increase in scatterers com- 
parable to m. Similarly, a corresponding decrease 
in mobility occurs upon relaxation. These results 
suggest that a donor corresponding to a maximum 
concentration of about 4x 1015 cm~? is present at 
room temperature in specimens reacted to some 
intermediate stage, and that this donor has the 
special property of transforming with decreasing 
temperature to a structure which is neutral or has 


times of 1, 4, 25, 89, 202, 561 and 1500 hr. The 
latter curve for 350 instead of 300°C, was obtained 
on a separate specimen. The reactions at 300 and 
350°C are essentially both irreversible so that the 
350°C curve may be taken as the complete re- 
action.) It is to be noted that as the reaction 
proceeds, the concentrations of the donors re- 
sponsible for the lower levels, 0-04 and 0-017 eV, 
(given approximately by the extrapolation of the 
horizontal curves in Fig. 5) steadily increase, 
whereas, the donor represented by the deep level 
(0-2 eV) at first increases and then, if allowance is 
made for the donors of lower ionization energy, 


decreases. 
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Fic. 5. Effect of extent of the forward reaction at 300°C for 

crystal containing 3-9 x 101? cm~3 oxygen. Times of reaction 

are indicated. Uppermost curve is for reaction at 350°C (see 

text). The reaction times in hours are shown opposite each 
curve. 
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Fic. 6. Effect of extent of reverse reaction at 500°C on the 
“steep slope’’. 
(a) 3-9 x 101? cm~3 O after 1500 hr reaction at 350°C (curve 
g Fig. 5). 
(b) Specimen shown in (a) after 4 min at 500°C. 
(c) Specimen shown in (b) after 25 min at 500°C. 


Figure 5 shows further that (1) the initial donor series nature of the reactions, this donor goes 
formed, presumably Ge*Ozg (Ref. 5) corresponds through a concentration maximum during the 
to the deep (0-2 eV) level, (2) as required by the _ reaction, (3) the lower energy donors increase in 
rr ERS concentration progressively with reaction, finall 

* As in Ref. (5) the asterisk is employed to designate | ; 8 1/4 h ial aa : y 
the fact that the radicals are solutes and not separate cies. —_ to the original oxygen con- 
oxide phases. centration. °) 
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D. Dependence of Hall results on reverse reaction 

The crystal shown in Fig. 5, which had been 
completion (1-0> 1017 cm=3 
nd then for 25 


donors) 
vas heated for 4 min 
The 
Fig. 6, in which curve (g) of Fig. 
It is noted that the steep 


Hall results are shown in 


min more at 500°C. 
5 has been re- 
produced (curve a). 
portion is regenerated to some extent in curve (b) 
(4 min heat) but decreases in curve (c) (25 min 
heat). A detailed 
which would be required in order to understand 


investigation of this behavior, 
the detailed kinetics,’ has not been made. The 
results indicate, however, that the donor species 
corresponding to the deep level (0-2 eV) is pro- 
duced during both the generation and the dissoci- 
ation reactions. Also, as in the donor generation 
reaction, the concentration of this species goes 
through a maximum, i.e. a temporary build-up of 
the Ge*Ozg donor occurs upon dissociation. This 


is further discussed below. 


4. DISCUSSION 
A. Interpretation of donor levels 

As already mentioned above, there is ample 
evidence that the 0-2 eV level corresponds to the 
donor composed of two oxygen atoms. A donor 
having a deep-lying level has been recently re- 
ported in epitaxial films of Ge on a single 
crystal Ge substrate and attributed to interstitial 
Ge atoms. In view of the results given here and 
the behavior of the level upon heat treatment as 
given in Ref. (10), it seems most likely that the 
reported level is to be attributed to O in the Ge 
layer. 

Similarly the 0-017 eV level reasonably can be 
attributed to the donor containing four O atoms. 
It cannot, however, be excluded that this level (or 
one indistinguishably close to it) may not also 


) atoms 


arise from the structure containing three ( 
(See discussion below). 
The found at 


dc yped 


0-04 eV in the indium- 


oxygen, 


level, 


crystal containing and which 


shows the relaxation phenomenon on quenching, 
is more difficult to account for. The fact that the 
concentration of this level passes through a 
maximum upon reaction suggests it is associated 


in some way with the 0-2 eV level which behaves 


similarly. The relatively small concentration of 


this level, even in reacted specimens of crystals 


and F. H. 
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containing 4-4 x 10!7cm~* O, also seems to pre- 
clude that it can be assigned to the species con- 
taining three oxygen atoms. One possibility is that 
it is a stereoisomer of the Ge*QOos structure. We 
discuss this further in the next paragraph. 


B. Donor relaxation 

The donor relaxation phenomenon related to 
the 0-04eV level is of particular interest. The 
explanation of this phenomenon is not known. 
Several facts, however, suggest that a reversible 
transformation with temperature occurs. Because 
of the energy for the 
transformation, it is rather easy to quench-in the 


rather high activation 
high-temperature (0-04 eV) form of the donor. 
Similarly, the quenched-in form changes readily 
into the low-temperature form when the tempera- 
ture is raised towards 200°K. With slow cooling 
the change ceases rather abruptly near 200°K. 
The latter fact suggests that when kT falls below 
170 cal (0-008 eV) the high-temperature 
form becomes locked-in. This energy is of the 


about 


same order of magnitude as the tunnelling energy 
for oxygen between interstitial sites in Ge!) and 
suggests that such tunnelling is prerequisite to the 
donor transformation. 

The large value of the activation energy for 
oxygen diffusion?) of 46 kcal (2-0 eV) precludes 
the change as being due to the movement of 
oxygen atoms over diffusion barriers. Hence, we 
conclude that the transformation is of the nature 
The first 
nature of the change also argues in favor of an 


of a molecular rearrangement. order 
internal rearrangement. 

The detailed nature of the rearrangement is of 
course open to conjecture. One possibility is that, 
as already suggested, the Ge*QOz species can exist 
in two forms. If the oxygen atoms occupy inter- 
stitial sites it is conceivable that reduced thermal 
energy may allow bond formation to take place 
between the oxygens. Atoms trapped in the low- 
energy well (corresponding to the tunnelling 
may be prevented from transforming 
below ~200°K on 
pointed out, however, that the present results are 


energy) 
this account. It should be 
not specific to a given structure. They could for 
example be due to oxygens not bonded to a com- 
mon Ge atom. 

The possibility that the 0-2 eV level may repre- 
of transformation rather than a 


sent the heat 
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donor ionization energy has been considered. 
This assumption, however, has to be dismissed 
because of the limit to the concentration of the 
high-temperature form which 
quenched-in. This limit is much less than 
concentration of the 0-2 eV, for example, in the 
curves (a) to (g) of Fig. 5. In addition, equilibrium 
constants calculated for the two donor forms on 
the basis of the above assumption do not repro- 


donor can be 


the 


duce the observed curves as a function of tem- 
perature. 

The ionization energy corresponding to the 
low-temperature form of donor has not been de- 
termined. This form could in fact be a deep-lying 
donor or an electrically neutral structure. 

The model presented is consistent with the 
“bonded” form of donor having the higher 
ionization energy since the energy of the electrons 
in the system might be expected to be lower in 
this state. The possibility of a peroxide-type of 
linkage has been suggested.) 


C. Bearing of the results on reaction kinetics 

In a previous paper) the approximate kinetics 
of the donor formation and dissociation reactions 
have been discussed. It is evident from the more 
detailed knowledge of the donor ionization levels 
presented above that a quantitative treatment of 
the kinetics of the reactions still presents a for- 
midable task. A brief discussion of the effect of the 
present results on previous ideas, however, is 
desirable. 

It has generally been assumed in past treatments 
of the kinetics: 5) that the slow step in the series 
of reactions was the formation of the Ge*O,4 donor, 
The approximate first order nature of the donor 
generation 
accounted for in this way.) While these assump- 
tions may hold for reaction at higher temperatures, 
the curves of Fig. 6 suggest that at 300°C, the 
Ge*Ozg species does not come to equilibrium 


and dissociation reactions can be 


rapidly, since the 0-2 eV level increases in con- 
centration continuously with time up to at least 
200 hours. No simplifying assumptions about the 
partial reactions appear justified under these 
circumstances and first order kinetics is then a 
poor approximation. Until the kinetics of the 


partial reactions are better understood it seems 
fruitless to attempt a more quantitative evaluation. 
One of the features to be explained is the 
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occurrence of maxima in the rate curves (Ref. 5). 
One possibility, suggested in Ref. (5), is that the 
Ge*QOg is a neutral or slightly-ionized donor so 
that its formation from Ge*Oze would result in a 
net decrease in over-all donor concentration. 
Another possibility is that both the Ge*Og and 
Ge*QOy are easily ionized donors (i.e. they would 
be indistinguishable by means of the Hall measure- 
ments) and that the Ge*QOg initially formed dis- 
sociates later in the reaction in order to supply 
atomic oxygen for the formation of the higher 
molecular donors. At present, therefore, it is not 
clear where the species Ge*QOg fits into the re- 
action scheme and more work will be required 
using optical as well as electrical means of investi- 
gation before this question can be satisfactorily 
answered. 


5. CONCLUSIONS 

The present study of the reaction of oxygen by 
means of Hall and conductivity measurements 
confirms the previous findings that intermediate 
compounds containing less than four oxygen 
atoms are formed during the reaction. The struc- 
ture containing four oxygens, Ge*Og, itself is a 
shallow donor. Its energy is believed to be 0-017 
eV. Two deeper ionization energies are observed 
(0-04 eV and 0-2 eV) which are possibly related to 
the other intermediates (Ge*Ozg and Ge*Os3). The 
()-2 eV donor level is reasonably associated with 
the Ge*QOos structure. Little evidence for a Ge*O3 
structure is obtained from the electrical measure- 
ments. 

A reversible change in donor properties with 
temperature has been observed. This transfor- 
mation is shown to be of the nature of an internal 
rearrangement of oxygen atoms in the structure of 
a specific donor which it is suggested may be 
Ge*QOs. It is shown that the changes observed are 
reasonably explained by movements (tunnelling) 
of the oxygen atoms without mounting diffusion 
barriers. 

Hall results taken during the course of the 
oxygen aggregation reactions at 300°C show that 
the concentration of the donor responsible for the 
deep level (0-2 eV) at first increases and then de- 
creases with extent of Likewise, the 
amount of the transformable donor (0-04 eV) 


reaction. 


passes through a maximum as the reaction pro- 
ceeds towards completion. Dissociation of the 
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“‘stable’’?’ Ge*O,4 donor at 500°C results immedi- 
ately in the formation of considerable concentra- 
tions of the 0-2 eV donors. On continued reaction 


these disappear and the equilibrium donors are 


made up mostly of those having the shallow levels. 
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THE EFFECT OF PRESSURE AND TEMPERATURE ON 
THE ABSORPTION EDGES OF THREE SILVER HALIDES* 


A. S. BALCHAN and H. G. DRICKAMER 
Department of Chemistry and Chemical Engineering, University of Illinois, Urbana, Illinois 


(Received 19 December 1960) 


Abstract—The effect of pressure to 160 kilobars, combined with temperature to 400°C has been 
measured on the absorption edge of AgCl, AgBr, and Agl. The behavior of AgCl and of AgBr is 
nearly identical. In the low pressure (f.c.c.) phase there is a red shift with pressure at low tempera- 
ture. At high temperature the edge shifts blue with increasing pressure. A possible explanation in 
terms of the defect structure is proposed. The high pressure phase shows a normal red shift with 
pressure at all temperatures. The behaviour of AgI in the f.c.c. phase is anomalous both at room 
temperature and at elevated temperature. 


THE CONTINUED effects of pressure to 160 kilobars _ pressure calibration) was used. The silver halides 
and temperature to 400°C on the absorption edges _ used were from the same crystals used in the room 
of silver chloride, bromide, and iodide, was temperature work.@) The results for both the 
determined. The experimental techniques have NaCl (f.c.c.) and CsCl (s.c.) phases of the three 
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Fic. 1. Absorption edge of AgCl shift with pressure and 
temperature. 


been previously described“2:3); the latest revised compounds are illustrated in Figs. 1, 2 and 3. The 
mg Seg j anes ‘ Ee room temperature shift of the edge in all cases was 

* This work was supported in part by the U.S. Atomic P 8 ? . 
Energy Commission Contract AT(11-1)-67, Chemical 
Engineering Project 5. 


obtained from the data of SLYKHOUSE”), 
In the cases of the chloride and bromide, the 
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Fic. 2. Absorption edge of AgBr shift with pressure and temperature. 


results are quite similar. At room temperature, the 
edge in both phases showed a shift toward lower 
energy with increasing pressure. At higher tem- 
peratures, the pressure shift in the sodium 
chloride phase of the bromide and chloride ex- 
hibited a reversal in sign, the magnitude of the 
reversal increasing with increasing temperature. 
Shift of the iodide in the sodium chloride phase was 
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to higher energies with increasing temperature, 
with little or no trend toward reversal of the 
pressure shift. 

In all silver halide “‘isobars’’, when a certain 
temperature was reached, an irreversibility was 
noticed, the displacement of the room temperature 
edge (upon cooling) from the initial value being 
greater than that due to a simple pressure loss on 
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Fic. 3. Absorption edge of AgI shift with pressure and temperature. 
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heating. In the case of the iodide, the effect was 
quite severe, and a temperature of 165°C was the 
highest that could be reached reversibly. The 
irreversibility was probably associated with the 
flow of the sodium chloride from the center of the 
pellet, and subsequent reduction in effective cross- 
section of the sample, as it was noticed that the 
degree of irreversibility was directly proportional 
to the pressure loss at a given temperature and 
pressure. The effect on the iodide may have been 
due in part to the phase transition at 145°C. 

The results given here are measurements after 
which the edge upon cooling of the sample was 
found to return to its value at room temperature; 
in short, all reversible results. 

The shifts observed-were relatively independent 
of wavelength, over a range of about 3000 cm~}, 
but the data for all runs on a particular compound 
were taken at one value of wavelength (correspond- 
ing to an absorption coefficient of about 30 cm). 

The results of UrBacH®) show that in the long 
wavelength region of the edge (up to about 450 mu 
in AgBr and 385 mp in AgCl) the logarithm of the 
absorption coefficient is a linear function of wave- 
length (with a slope of —1/kT in the case of the 
bromide). From this UrBacH concludes that the 


absorption in this region is directly related to the 
thermal energy. Further measurements.) in- 
dicate that this absorption is not an impurity 
effect."8) The large effect of high temperatures on 
the pressure shift of the bromide and chloride in 
this work also leads to the conclusion that the 
absorption processes are due to a thermally- 


controlled mechanism. 


Two possible reasons for the unusual behavior 


of the NaCl phase of the chloride and bromide at 
high temperatures can be proposed: 

1. Let it be assumed that the long wavelength 
absorption consists primarily of the indirect transi- 
tion u, that is, a transition from the valence band 
at the zone boundary to the conduction state at 
k = 0. Then the blue shift with pressure at high 
temperatures would occur if either the conduction 
band shifted toward higher energies and the 
valence band remained relatively fixed, or the 
valence band became narrower faster than the 
conduction band shifted toward lower energies. 
Both of these alternatives seem improbable in 
view of results obtained in this laboratory on the 
fundamental absorption of other simple lattices. 
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These invariably show a broadening of the bands 
with pressure. 

2. The absorption at high temperature is caused 
by the defect structure of the crystal. As it has 
been proposed that the absorption is not associated 
with impurities, the defects concerned are probably 
thermally induced. Work in this laboratory on the 
effect of pressure on the optical absorption of im- 
perfections has shown that a shift toward higher 
energies of this absorption with pressure is not 
unusual. In addition it has been shown that the 
equilibrium concentration of vacancies (predomin- 
antly Frenkel defects) 911,12) in the silver halides 
is quite high as the melting point is approached 
(about 2 atomic per cent). 

In the high pressure (presumably CsCl) phase 
of the chloride and bromide, the pressure shift 
appeared quite regular with increasing tempera- 
ture, the direction being toward lower energies 
with increasing temperature. There is no indica- 
tion here of the reversal in sign of the pressure 
shift as exhibited by the NaCl phase. The data on 
the bromide in the high pressure phase is of 
necessity sparse, because of the difficulties in 
controlling the amount of sodium chloride ex- 
trusion, and hence the center pressure, at the 
higher temperatures. Data in the high pressure 
phase of the chloride were fortunately less 
erratic. 

The regularity in the high pressure phase lends 
weight to the second hypothesis above. In the 
close-packed simple cubic phase, the energy re- 
quired to produce a Frenkel defect would be quite 
high, and a much lower concentration of these 
defects would be expected than in the NaCl 
structure. 

The shift of the edge with increasing tempera- 
ture toward higher energies in the NaCl phase of 
silver iodide is anomalous with respect to the 
other halides, as is the room temperature shift. 
These facts appear to indicate that a different 
transition is occurring in the low-wavelength tail 
than in the other halides. In the high pressure 
phase, however, the pressure shifts at all tempera- 
tures resemble those in the bromide and chloride, 
with a steady displacement toward lower energy 
with increasing temperature. The anomalous blue 
shift across the high pressure transition shows a 
decrease in magnitude as the temperature is in- 
creased, and it is likely that the shift will reverse 
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sign at about 300-350°C. Because of the large 


irreversibility accompanying the heating of the 
iodide in the NaCl phase to greater than 165°C, this 
effect could not be observed. It appears that the 
unusual blue discontinuity at room temperature 
may indeed be simply due to an oddity in the 
band structure, which becomes resolved at a high 


temperature ° 
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Abstract—Changes in electrical resistivity of CugAu which occur above the critical temperature 
have been studied in detail, both at temperature and after quenching. In general it has been found 
that the time required to establish a new equilibrium resistivity is several hours, and over the range 
of T- to 700°C this time varies only by a factor of about three. The rates of changes at temperature 
are for the most part exponential, and a law for the behavior has been obtained. The changes occuring 
after quenching are much more complex. When the temperature is increased and an isothermal 
curve is obtained by quenching the wire after each time at temperature, there is a sudden increase 
of resistivity followed by a monotonic decrease. When the temperature is lowered, only a monotonic 
decrease is observed. These curves do not fit any simple kinetic equation. The final values of these 
resistivities obtained from the quenching data give two equilibrium states of resistivity, and a 
transition between them is observed at 600°C as suggested by other experimenters. When the lower 
of these two equilibrium resistivity states is established there is no longer a discontinuity in the 
electrical resistivity when the critical temperature is crossed. Only a single equilibrium state of 
resistivity was observed at temperature, however, and some possible effects of quenching are 


discussed. 


1. INTRODUCTION theory. Other investigations have revealed some 
THE CLAssIcAL theory") of short-range order has anomalies in the physical properties of CugAu 
been developed on the basis of quasi-chemical above the critical temperature. One of the earliest 


theory, in which only the nearest neighbor inter- observations was by SyKEs and Evans) who noted 
a hysteresis of electrical resistivity about 7,. BORIE 


action energy is considered. X-ray diffraction 
measurements on CugAu have verified a more and WARREN) measured the diffuse X-ray scatter- 
refined calculation of the magnitude of short-range ing of quenched samples and found more short- 
order vs. temperature, but not quite in detail.) range order in the samples quenched from 620°C 
In addition to this lack of complete agreement and 695°C than from 530°C. Kuczynski et al.® 
between theory and experiment, there are other found anomalies in several physical properties of 
observations which seem to prevent a full under- quenched rods of this alloy, although their work 
standing of the behavior of CugAu above the critical contains the self-criticism that the quenching rate 
temperature, 7,. Electron diffraction, for instance, of large samples was probably not fast enough. 
has shown a persistance of satellite spots about the HIRABAYASHI ef al.'7) repeated the heat release 
superlattice position well above the critical tem- measurements and disputed the findings of 
perature, and these have been interpreted by KuczyNski ef al., but reported that samples 
RAETHER®) in terms of domains of order, which quenched from above 600°C seemed to contain 
in general are not reconcilable with the classical more order than those quenched from below. 
—— —————$<_———————— Some of these anomalies in the quenched 

* Supported by a U.S. Secretary of Army Fellowship. samples can perhaps be explained by the motion 
Permanent Address: Pitman—Dunn Laboratories, Frank- . , : : ee. : 
dood Amstel, Dalbuisiahin, Pennntrenie. of excess single or divacancies either during or 

+ Laboratori C.I.S.E. and Istituto di Fisica del . _— ———ee 
Politecnico, Milano, Italy. t See footnote Ref. (6), p. 653. 
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after the quench, and this view is supported by 


experiments 8) which showed that the rate of 
decrease of electrical resistivity below the critical 
with higher quenching 


temperature increased 


temperatures. FEDER and Nowick™) have shown 
that the rate of growth of the superlattice re- 
flection below the critical temperature increases 
with increasing quench temperature, which can 
also probably be explained in part by the excess 
vacancies which have been quenched in. 

This simple interpretation in terms of excess 
vacancies is somewhat confused, however, by the 
observation of DuGpaLe™®) that the 
sample is held at 600°C before quenching, in the 


longer a 


range of 0) to 340 hr, the faster is its rate of ordering 
below Ty. 
Some 


sistivity seem to point out that excess vacancies 


other data from measurements of re- 
cannot be entirely responsible for the behavior 
Damask"11) 
quenched wires of CugAu in water and found that 


observed in quenched specimens. 
the resistivity decreased with increasing quench 
temperature from 7; until about 500°C, at which 
temperature the resistivity began to increase, 
although quenching strains prevented the ex- 
tension of these measurements to higher tem- 
peratures. The calculation of Grnson"?) predicted 
that the residual electrical resistivity of CugAu 
should decrease steadily with decreasing short- 
the 
500°C was too large to be explained by quenched- 
ScHULe? these 


range order and observed increase above 


in vacancies alone. repeated 


measurements with foils, confirmed the findings 
of Damask, and further showed that the resistivity 
continued to increase from 500°C up to about 
800°C. ScHULE also performed Hall coefficient 
measurements which resulted in the same shape 
of curve, i.e. a decrease above 7, followed by an 
increase above 500°C. This increase of Hall co- 
500°C this 


increase of resistivity cannot be assigned to excess 


efficient above indicates that all of 
vacancies but must reflect some state of the alloy. 

These various phenomena indicate an_ in- 
sufficient knowledge of the effect of the motion 
of vacancies and divacancies in quenched alloys. 
Furthermore the above quoted phenomena which 
were observed at temperature cannot be so easily 
dismissed in terms of defects. For this reason the 
present investigation was made of the resistivity 


of CugAu both at temperature and after quenching. 
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An air quenching technique for heated wires was 
used which had previously been successfully em- 
ployed for the quenching-in of vacancies in 
copper."4) Although the quenching rate of this 
method, of the order of 1 sec, was relatively slow, 
this rate could be changed by simply varying the 
wire diameter. The technique has the virtue of 
excellent reproducibility for repeated quenchings, 
because of the elimination of drastic quenching 
in water. 

It should be the the 
relatively simple behavior which was hoped for 


stated at outset that 
was not observed, but rather resistivity changes of 
considerable complexity were found, which are 
difficult to interpret in terms of the accepted 
properties of short-range order. 


2. MEASURING TECHNIQUES 
The CugAu 
diameters were 0:2, 0:07, and 0:04 mm: the most 


specimens were wires* whose 
extensively used specimens were 0-2 and 0-07 mm 
in diameter, although similar results were obtained 
with the 0-04mm diameter. Wires were sealed 
within a brass container, provided with electrical 
contacts, which was evacuated for the at tempera- 
measurements, and filled with 1-1 atm of 
argon, previously purified by circulation through 


ture 


Ca—Mg alloy, for the quenching experiments. 
Typical quenching times in the argon atmosphere 
were 3 sec for 0-2 mm diameter wires and 1 sec 
for 0-07 mm diameter wires. These time intervals 
were those required for the wires to cool until 
their temperatures exceeded room temperature 
by less than a few per cent of the initial tempera- 
tures. In order to achieve a good uniformity of 
temperature along the major part of the wires, 
which were heated electrically, the 0-07 and 
004mm specimens were 12cm long and the 
()-2mm specimens were 30cm long. Previous 
tests of this technique™415) showed that end 
effects for these relations of length to diameter 
were confined within 4 per cent of the total length. 

The measurements of resistivity during 1so- 
thermal and isochronal annealings were performed 
at room temperature after quenching. The changes 
of resistivity were measured by comparing the 


* Two different batches were used: one was the alloy 
of Ref. (11) and the other was supplied by Sigmund Cohn 
Corp. 
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voltage drops across the quenched specimen and 
a dummy sample, while absolute values of re- 
sistivity were obtained by comparing the voltage 
drops across the specimen and a standard resistor, 


and the reported ratios Ap/pp have an accuracy of 


about 10-4. The explored interval of temperature 
ranged between TJ; (388°C) and 870°C. The pre- 
liminary treatment of the wires consisted of 2-3 hr 
annealing at high temperature. 

At temperature measurements were carried 
out im vacuo in order to avoid small fluctuations 
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equilibrium state at a temperature 7}. Then the 
dummy specimen was annealed for several hours 
at a temperature T¢ to allow it to reach the corre- 
sponding equilibrium state. The temperature of 
the specimen to be measured was suddenly 
changed from 7; to J: and the difference in 
resistivity between the two wires was continuously 
measured by means of a bridge circuit. Although 
the changes in resistivity of the specimen during 
the 7) — T» transition could be measured by this 
method, the absolute values of resistivity cannot 

















t 
'y 


900 


1000 


min 


Fic. 1. Typical isothermal curves for a 0-2 mm CusAu wire. Specimen annealed 
for 3 hr at 750°C, then brought successively to 632°C and to 592°C, and back 
to 632°C. Resistivity measured at room temperature after quenching. 


of wire temperature which could arise from con- 
vection phenomena close to the hot wires if the 
annealings were performed in an argon atmosphere. 
Because of the necessity of using a vacuum the 
times required to achieve temperature equilibrium 
after decreasing the temperature were of the 
order of 5 min. For reasons which will become 
apparent in the next section the following pro- 
cedure was adopted for the at temperature 
measurements. The wire to be investigated and a 
dummy sample were simultaneously annealed at 
high temperature and thereby put into the same 


be accurately determined because of the difficulty 
of measuring with precision the small amount of 
power required to heat the wire. After the few 
minutes required for the thermal transient of the 
specimen wire to end, the temperature difference of 
the two wires is estimated to be less than 2°C. This 
small temperature difference was achievable in 
spite of the changing resistivity of the specimen 
by having relatively large standard resistors 
arranged in series with each of the two wires in 
the bridge circuit. 

The temperature calibration was made by 
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placing a coil of 0-2 mm wire 1 meter in length 
in a vacuum furnace whose temperature was uni- 
form within 0-5°C and constant within + 0-2°C. 
The wire was held for several hours at each of 
many temperatures from JT, to 760°C during both 
an ascending and a descending temperature 
program. The result was one curve which could be 
resolved into two straight lines intersecting at 
about 580°C. The corrresponding slopes were 6-9 x 
10-9 Q cm/deg for the lower temperature region, 
and 8-5 x 10-9 Q cm/deg for the higher tempera- 
ture region. This break in slope at 580°C was re- 
ported by Kuczinsk1 et al.), and the ratio of the 
present slopes is the same as the ratio of slopes 
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and the resistivity was measured at room tem- 
perature after each quench. Typical results are 
shown in the first decay portion, curve a, of Fig. 1. 
After the last quench at 7 the wire was brought 
to a lower temperature 72 and the same procedure 
repeated. The result is shown by the second decay 
portion, curve b, of Fig. 1. After the last point at 
T2 was obtained the wire was brought back to 7} 
and the procedure was repeated. It can be seen 
from curve c, Fig. 1, that the resistivity returns 
to essentially the final value which was obtained 
in the first decay portion of Fig. 1. This kind of 
experiment was repeated, and similar results and 
magnitudes of change were obtained with 0-07 








Isothermal curves with ascending temperatures. 0-07 mm specimen pre- 


liminarily annealed at 890°C. Resistivity measured at room temperature after quenching. 


reported by them. For this diameter wire and for 
the other diameters used, the temperature in all 
of the following experiments was estimated from 
the resistance. 


3. EXPERIMENTAL RESULTS 

(a) Quenching experiments: isotherms 

A specific example of the general procedure 
which was performed with many wires will first 
be described. A 0-2mm wire was annealed at 
750°C for several hours and quenched. Then it 
was brought to a lower temperature 7) and 
quenched after a few minutes of annealing at 
that temperature. The wire was then returned to 
the temperature 7), held for some minutes and 
quenched again. This procedure was repeated 


and 0-04mm wires for temperatures ranging 
between 7, and 700°C. It was found, however, 
that if 7» is selected as higher than 7}, at first 
there is a sudden increase in resistivity, and 
subsequent measurements show the same type of 
decay exemplified by curves a and b of Fig. 1. If 
the wire is then brought to other temperatures, 
each of which is higher than the previous one, an 
essentially similar behavior is observed, at least 
for temperatures lower than about 600°C. This is 
shown in Fig. 2. If 72 is lower than 7}, and all the 
subsequent temperatures are lower than the pre- 
vious ones, the observed behavior is the one shown 
in Fig. 3. 

It was desired to examine the nature of the above 
described sudden increases in resistivity with 
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Fic. 3. Isothermal curves with descending temperatures 
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Fic. 4. Isothermal curves with ascending temperatures. 0:2 mm specimen 
preliminarily annealed at 750°C and partially ordered below the critical 


temperature. 
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increasing temperature in more detail. A large 
number of specimens was used and in general two 
types of behavior were observed. The first type is 
shown in Fig. 4 (in the curve shown the specimen 
was first annealed for a few hours below the critical 
temperature). The sudden increases in resistivity 
followed by a decay were observed at temperatures 
about 640°C. The second type of 
the essential 


lower than 
behavior is illustrated in Fig. 5; 
differences are that around 600°C a large decrease 
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difference between Fig. 4 and Fig. 5 were obtained: 
these different behaviors were found seemingly 
at random with different diameters of wires and 
with adjacent pieces of wire which had the same 
previous heat treatment. It should be noted that 
in these observations the wires were not held to 
the completion of the resistivity decay at the 
temperatures below 600°C, and each curve was 
made with a different temperature history. It is 
not known if this has an effect on whether or not 























Fic. 5. Isothermal curves with ascending temperatures. 0-2 mm specimen 
preliminarily annealed at 750°C and brought into an equilibrium state at 
542°C. 


in resistivity occurs and that thereafter the 


phenomenon of sudden increase in resistivity 


y a decay continues with increasing 
temperature. ‘The large decrease occurring around 
600°C 
different ways in different samples; for example, 


followed by 


was observed to take place in several 
a normal type of decay, as the ones shown in Fig. 
1, would be in progress when a sudden drop in 
resistivity occurred, or the resistivity would 
decrease by oscillating irregularly. The decrease 
seems to occur in a narrow range of temperatures, 


above 560°C and below 620°C. No patterns of the 


the decrease appears, although Fig. 2, in which the 
decays are essentially complete, still shows the 
sudden increases below 600°C but no drop in 
resistivity around 600°C. 

It was necessary to investigate in detail the 
phenomenon of the sudden increase in resistivity 
which occurred after an increase in temperature. 
The following features were observed: 

(1) The occurrence of the sudden increase is at 
all temperatures independent of the time the 
sample was held at temperature before the 
first quench. The times examined were in 
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’ 
Fic. 6. Equilibrium values of resistivity vs. temperature for a 0:07 mm 
specimen (curve a deduced from Fig. 2 and curve b from Fig. 3). 
© Values of resistivity from a 20 min isochronal curve, performed with 
both descending and ascending temperatures. 


the range of 1 min to 8hr. The absolute (2) ‘The excess of the resistivity at the peak over 
value of the height of the sudden increase the resistivity after the completion of the 


could not be obtained accurately because the decay appears to be independent of the 
evaluation of the initial resistivity required amount of time spent at the preceding lower 
extrapolation of the curve at the preceding temperature. 

temperature, but the approximate magnitude (3) The sudden increases of resistivity were 
is the same for all the examined times. found to be independent of the value of the 
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previous temperature. The 


temperature ranged between 4 and 50°C; 


the effect of temperatures increases outside 
of this range was not studied. 

The amount of the sudden increase of re- 
sistivity after the first quench was observed 
to depend on the diameter of the wire; the 
smaller the diameter the smaller the sudden 
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from the decreasing temperature curves of Fig. 3. 
The vertical dashed line gives the approximate 
magnitude of the decrease of resistivity around 
600°C which occurred in a number of specimens 
exhibiting the phenomena like that of Fig. 5. The 
further dashed line is obtained from the lowest 
values of resistivity, averaged over a number of 
specimens, achieved by the successive decay curves 
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Isochronal curves obtained with a 0-07 mm specimen, with the 


same temperature history before the initial point. 


increase. For instance, the magnitude of the 
sudden increase in resistivity for the 0-2 mm 
wire was about a factor of three larger than 
that for the 0-04 mm diameter wire. 


The final values of the resistivity, from curves 
. - . =* 9) —* + - . 3 F . 
given in Fig. 2 and Fig. 3, are plotted as solid 
circles vs. temperature in Fig. 6, the upper curve, 
labeled a, being the one obtained from the in- 
creasing temperature curves of Fig. 2, and the 
lower curve, labeled b, being the one obtained 


above 600°C, as those shown in Fig. 5. It was also 
observed that in general the sudden increases at 
higher temperatures after the drop at 600°C were 
of the right magnitude to bring the corresponding 
initial resistivities to values in line with curve a of 
Fig. 6. 

The curves obtained by quenching do not 
clearly obey any simple kinetic law. The closest 
comparison obtained was with a second order 
reaction, and the curves with decreasing tempera- 
ture obey this law somewhat better than the ones 
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obtained from the decay following an increase in 
temperature. 


(b) Quenching experiments: isochronals 


Because the experiments of others, discussed 
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Fig. 6. After annealing at 750°C a wire was held 
for 5 min each at a series of increasing tempera- 
tures below 7,. This caused a decrease of re- 
sistivity due to the development of long-range 
order which was greater than the changes which 


Fic. 8. Isothermal changes of resistivity at temperature. 0:2 mm 
wire cooled from 728°C to the indicated temperatures. 


in the introduction, were performed with samples 
held for different amounts of time above the critical 
temperature, it perform 


seemed desirable to 


isochronal annealings in order to see the effect of 
the decrease in resistivity which could occur 


around 600°C, indicated by the dashed curve in 


will be shown. A 5 min isochronal curve was then 
made at temperatures above T,. After having com- 
pleted this isochronal curve, an annealing of 
several hours at 750°C was performed. Then the 
procedure was started again; the final temperature 
at which the wire was held for 5 min was 420°C, 
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and a 20 min isochronal curve was made for the 
higher temperatures. In a similar way the other 
isochronal curves shown in Fig. 7 were performed. 
The 120 min isochronal clearly shows the tendency 
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Fic. 9. Isothermal changes of resistivity at temperature. 

0-2 mm wire cooled from 640°C to the indicated tem- 

peratures. The insert shows the rate of return to the 
initial state. 


for the resistivity decrease indicated by Fig. 5 and 
by the dashed portion of Fig. 6. 

In all these experiments a discontinuity of 
resistivity was observed at 7;, in agreement with 
all previous work. 
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Figure 6 seems to indicate, however, that two 
different states of resistivity of this alloy can be 
obtained by quenching. It was therefore desired 
to see if the discontinuity of resistivity occurred 
at the critical temperature if one passes through 
it from higher temperature after the lower equili- 
brium curve b of Fig. 6 was achieved. Because the 
resistivity changes or slight oxidation of the wire 
could alter the temperature calibration by a few 
degrees, a 20 min isochronal was carried out at 
two degree intervals, to insure coming within 1° 
of T, (388°C), from the lowest temperature of 
curve b of Fig. 6, i.e. the equilibrium part marked 
by solid circles, to a temperature well below the 
critical temperature. It is seen from Fig. 6 that the 
minimum temperature was 365°C. ‘This isochrone 
is shown in the lower temperature portion of the 
curve, marked with open circles and labeled c. 
After the final point was completed, the same 
isochronal annealing was performed with ascending 


temperatures. This ascending isochrone essentially 


superposed the descending isochrone shown. It is 
therefore seen from Fig. 6 that not only was a 
discontinuity not observed in the descending 
section of the curve, but that the expected dis- 
continuity at the critical temperature was no 
longer observed in the ascending curve. After the 
wire was annealed at 870°C for 2 hr and partially 
ordered below 7,, an ascending isochronal curve 
showed the expected discontinuity at the critical 
temperature. 

After the ascending isochrone was complete, 
but before the wire was reannealed at 870°C, some 
isothermal curves were made with ascending tem- 
peratures while the wire was still in the lower 
equilibrium state, curve b, of Fig. 6. These iso- 
therms showed a sudden increase to an equilibrium 
value as in the third portion, curve c, of Fig. 1, 
and not the overshoot followed by decay shown 
in Figs. 2, 4, and 5. 


(c) At temperature experiments 

The procedure used for the at temperature 
measurements has been described in Section 2. 
Most of the at temperature data were taken with 
three initial equilibrium temperatures: 728°C, 
640°C and 528°C. Typical examples of the curves 
which were obtained at temperature are shown in 
Figs. 8, 9 and 10. The latter portions of all these 
curves indicate an exponential decay, and therefore 
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the data are plotted semilogarithmically. ‘The scale 
of resistivity is shown in arbitrary units because 
the transient after changing the temperature of the 
wires prevented accurate normalization. All the 





























Fic. 10. Isothermal changes of resistivity at temperature. 
0:2 mm wire cooled from 528°C to the indicated tem- 
peratures. 


magnitudes of decreases in resistivity are of the 
same order however (about 0-5 to 1 per cent), and 
the curves are shown in the figures with one 
logarithmic cycle displacement. 

The initial curvatures are in part due to the 
thermal transient, which was shown to be complete 
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in about 5 min in copper wires of the same dia- 
meter; however, most of the initial curvatures 
persist to times longer than 5 min. Another 
anomaly is that most of the curves obtained from 
528°C show the peculiar inflection around 30 min 
indicated by the 430°C curve of Fig. 10. An 
occasional curve from 640°C (indicated by the 
452°C curve of Fig. 9) shows the same inflection 
point. Furthermore the inflection point never 
occurs at annealing temperatures above 500°C, 
and none of the curves from 728°C exhibit an 
inflection point. 

After each of the curves the time to return to 
the initial high 
measured, and a typical example is shown by the 
insert in Fig. 9. The general feature is that the 


temperature state was also 


increase to the steady state value is very rapid 
the the 
quenching curves is present. The same magnitudes 


and none of overshoots observed in 
and rates of change occur in the other wire dia- 
meters. 

The curves of Figs. 8, 9 and 10 show a general 
trend in behavior in the sense that the lower the 
annealing temperature the longer the character- 
istic time of the exponential portion. ‘Table 1 lists 
the characteristic times measured from the slopes 
of the exponential parts of all the curves taken from 
these three initial temperatures. 

Two important features can be observed: one 
is that the changes of the characteristic times over 
a range of 300°C is on the average about a factor 
2-3, and on the extreme about a factor of 4; the 
second is that many irregularities exist with respect 
to the dependence of characteristic times on tem- 
perature. In fact, if one tries to plot the logarithms 
of the characteristic times vs. 1/T in the usual 
method with an Arrhenius equation, the result is 
a wide scatter of points over half a logarithmic 
cycle in time. This is shown in Fig. 11. The 
experimental points can only suggest that the limits 
which can be assigned are 0-6 kcal/mol for the 
slope and about 50-1500 sec for the 79 intercept. 
Although it is conceivable that some transformation 
could be taking place with such a small activation 


energy, the abnormally large value of to which 
apparently persists over a 300°C range suggests 
that these values of the constants should not be 
used to inte rpret the behavior of the system. The 
values 


essential constancy of the r+ suggests a 


temperature dependent activation energy which 
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Table 1. 
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Measurements with three initial temperatures: characteristic times 


calculated from curves like Figs. 8, 9 and 10 at different annealing temperatures. 


640°C 
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could be factored into separate terms. Since the 
meaning of the resulting equation remains specula- 
tive, this factored form will be discussed in the 


next section. 


4. DISCUSSION 
In an extension of the quasi-chemical theory 
Irpa“®) has shown that for small changes in short- 
range order the rate of return to equilibrium should 
be approximately exponential with the rate constant 
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of the Arrhenius equation. Normal behavior of 
this type has been demonstrated in the a-brass 
system in both resistivity”) and lattice parameter 
kinetics,“5) and it is therefore not unreasonable 
to expect the same type of behavior in other 
short-range ordering systems. However when the 
expected characteristic times for short-range order 
changes in CugAu are calculated in the same way 
and compared with the observed times, surprising 
differences are immediately evident. If the mean 











;. 11. Characteristic times of Table 1 vs. 1/7. 


For the 


derivation of the curve see text. 





ELECTRICAL 
atomic jump time is calculated from the Arrhenius 
equation 
ro exp [H/RT] (1) 
with 79 = 10-18 sec and H = 2-03 eV (46-7 kcal 


mol), the value derived for CugAu below the critical 
temperature by FEDER et al.) from the kinetics 


T= 
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present experiment, 3x 10% sec. No such argu- 
ments can be used to compare the observed factor 
of 3 change of time in the 300° range of observa- 
tions given in Table 1 with the factor of 104 
expected from the above simple calculation. 

The temperature dependence of the activation 
energy mentioned in the preceding section is 
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Fic. 12. Plot of activation energies vs. temperature calculated from 
the data of Table 1, assuming to = 107" sec. 


of resistivity,?°) Young’s modulus,!) and lattice 
parameter changes,"!%) the result is + = 10? sec 
at 400°C and 7 = 2:5x 10-3 sec at 700°C. Since 
it is expected that the degree of short-range order is 
changed by a few atomic jumps, it can be argued 
that the 79 used is in error by an order of magnitude 
and thus the calculated value at 400°C, 10? sec is 
actually compatible with the times observed in the 


examined in the following manner. 79 is held 
fixed at 10-13 sec and the Arrhenius equation is 
used to calculate H from the values of Table 1. 
The results are plotted in Fig. 12. The value of 
50 kcal/mol at the critical temperature in this 
plot compares reasonably well with the value 
46-7 kcal/mol calculated by FEDER et al.%9% and is 
be coincidence. It 


therefore considered not to 
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suggests, rather reasonably, that one of the terms 
to be factored is the activation energy for the 
interchange of atoms in this system. If the correc- 
tion term for the degree of order is ignored and 
this activation energy held constant for tempera- 
tures below 7,, the equation of Fig. 12 can then 
be written as 
50,000 + 70( T— T;) 
RT 


T = 70 €xp 
and this can be rearranged into the form 


+ = Aexp [B/RT] 


where A = 79 exp [70 R] = 2-1] x 10? sec 
B = 50,000—70 7, ~ 3-6 Kceal/mol. These values 
give the line through the data of Fig. 11. However, 


(3) 


and 


although the internal agreements suggest that this 
method of factoring is correct, the meaning of 
equations (2) and (3) is not clear. It can of course 
be argued that the temperature dependent part of 
the exponent in equation (2) can be changed to an 
order dependent term, except that the magnitude 
of change seems to be too high. Also it is recognized 


that this equation can be rearranged into 
70 T. 
(1 — + 

R 1 


so that the extra contribution appears as a changing 


50,000 
T= TO exp . 

R7 

entropy term. However, since this entropy term 
increases by about a factor of 104 between 400°C 
and 700°C it is felt that such a large variation 
could only arise from a changing configurational 
entropy. It should be recalled that configurational 


entropy involves the logarithm of the ratio of the 


number of atomic sites to the number of equi alent 
sites, and that the implication of equation (4) is 
that the structure is becoming less random with 
increasing temperature by a considerable amount. 
Such a conclusion does not seem warranted on the 
basis of present knowledge. Thus, although the 
treatment of the data is internally consistent, the 
meaning of equation (2) or its other forms is 
obscure. 

Although an interpretation of the at temperature 
etfects in terms of the above arguments might be 
possible, it is difficult to explain the observations 


of the quenching experiments. Since the 


sudden 
increase with increasing temperature is a function 
of the wire diameter and independent of the time 
before quenching, it is apparent that this increase 
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is a result of the quench itself. Two factors which 
could be considered are the motion of excess 
vacancies and the motion of dislocations. The 
motion of excess vacancies would be such as to 
increase the order which would decrease the re- 
sistivity, and therefore they cannot account for 
the sudden increase. The more reasonable pos- 
sibility is that the quenching strains cause disloca- 
tion motion which disorders the sample, thereby 
suddenly increasing the resistivity. However, 
although each quench is identical, it is seen from 
the data that apparently only the first quench 
causes this increase. If disordering by dislocation 
motion through a short-range ordered region is 
postulated, then each subsequent quench should 
produce at least the same value of resistivity, if not 
a higher one, and not the monotonically decreasing 
resistivity which was observed. 

Rather than introducing some new concept such 
as a phase change to explain this behavior we prefer 
to attempt an interpretation on the basis of some 
existing experimental observations which suggest 
that two dimensional domains of order may exist 
above the critical temperature. 

First we point out that RAETHER™) observed do- 
mains by electron diffraction from 7; to 525°C, 
and assigned a possible structure to them in his 
interpretation. WATANABE and Iwasaki?) sug- 
gested that there are other possible interpretatior.s 
of RAETHER’s data, but all interpretations require 
domains with different types of order. Second, 
although the surface energy would seem to be 
unreasonably high for two dimensional growth, 
two dimensional platelets of order on the (100) 
planes have been invoked by CHIPMAN®®) to ex- 
plain his X-ray observations below Ty. If the sur- 
face energy is not a problem there seems to be no 
immediate reason why these platelets could not 
form on other planes including the (111) glide 
planes, and we now suggest that the passage of 
dislocations would destroy all except these on 
the glide planes. One obvious requirement to the 
proposal of platelet domains is that they have either 
very small dimensions or be of such a state of 
internal disorder as to render them invisible to 
X-rays above 7;, and to electron diffraction above 
Sao 

* It is interesting to note that CHIPMAN and RAETHER 
independently suggest a domain size of the order of 
10 atomic spacings. 
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If these platelets are confined to the glide planes 
by the passage of dislocations during the first 
quench they would probably continue to grow on 
these planes so that subsequent dislocation passage 
would not affect them. This would account for the 
fact that only the first quench results in a large 
increase of resistivity. Since the rate of atomic 
interchange is very fast, a sudden increase in tem- 
perature could alter both the equilibrium state of 
domains and their internal order, and growth of 
domains could begin on other planes which would 
have to be destroyed again. This would explain 
the sudden increase every time the temperature 
is raised. If the temperature is lowered, however, 
the growth of the pre-established domains could 
continue on the glide planes without growth on 
the other planes which would explain the decrease 
of resistivity when the temperature is lowered. A 
return to the previous temperature should then 
only disrupt the new growth and yield the pheno- 
mena observed in Fig. 1. Such a structure of stacks 
of platelets on parallel planes could probably go 
into long-range order without first being com- 
pletely destroyed. This ability would account for 
the lack of discontinuity in resistivity at the critical 
temperature in Fig. 6. The absence of the overshoot 
of resistivity with increasing temperature when the 
specimen is in the state defined by curve b of Fig. 
6 would indicate that a stable growth on the glide 
planes has been established without growth in 
other directions and dislocation passage has 
nothing to destroy. The absence of the overshoot 
in the at temperature observations probably is a 
result of the slow temperature change which occurs 
when the wire is in a vacuum, and therefore there 
is not sufficient internal strain to cause much 
dislocation motion. 

Since the proposed model is on the basis of 
domains it would suggest that the forms of 
equations (2) and (4) are both partly correct, and 
that the extra term in the exponent includes both a 
changing ordering energy and a changing con- 
figurational entropy. 

The temptation to pursue the proposed model 
in explaining the rest of the observations will be 
resisted at the present time because it is highly 
speculative and needs supporting data, particularly 
diffraction and isothermal specific heat studies. 
Curves a and b of Fig. 6 are not understood, nor 
is it known how to get from one to the other except 
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by the complicated program followed in this work. 
We are currently studying the thermal history 
dependence of these states with the aim of finding 
the simplest way of producing them. The data 
shown do support the conclusions of Refs. (5), (6) 
and (7) that a sharp change occurs in this alloy 
around 600°C, although on the resistivity scale 
this change is relatively small. The observations 
also show that under some, as yet unknown, con- 
ditions this change will be observed, but sometimes 
not. 

It should be recalled that the observations at 
temperature showed only one value of resistivity 
with no anomalous changes and the expected re- 
sistivity discontinuity at the critical temperature. 
Except for the change in slope of resistivity vs. 
temperature mentioned in Section 2, all of the at 
temperature behavior was quite regular. The 
quenching data therefore indicate, both by 
differences of behavior and kinetics, that a 
measurement of a property of this alloy quenched 
to room temperature is not the same as a measure- 
ment at temperature. 

Inspection of curve 3 recalls that any model to 
be proposed must account for at least a 7 per cent 
decrease in resistivity above the critical tempera- 
if curve 3 had been extended to lower 
decrease would 


ture; 
temperatures, this resistivity 
probably be even larger as indicated by curve c of 
Fig. 6. Present theoretical knowledge of re- 
sistivity of ordering alloys relegates electrical 
resistivity to secondary importance as a measuring 
technique, since by itself it proves nothing positive 
and can only substantiate the findings by other 
techniques. However the writers feel that one 


positive conclusion can be drawn from these 
resistivity measurements, and it is that the present 
understanding of the details of short-range order 
in CugAu is not satisfactory. 


Acknowledgement—Appreciation is expressed to Miss 
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Abstract—Measurements of a.c. capacitance and resistance have been made on single crystals of 
pure potassium chloride, and on potassium chloride containing up to 7:0 x10-% mole ratio of 
strontium chloride. The dependence of capacity on frequency, crystal thickness, temperature, and 
impurity content has been interpreted in terms of blocking of the charge carriers at the electrodes. 


However, the observed capacities are 10° to 104 
FRIAUF. 


1. INTRODUCTION 
THE IONIC conductivity of the alkali and silver 
halides, and of the halides containing small 
amounts of divalent cation impurities has been 
extensively studied in recent years. Such measure- 
ments yield information concerning the number 
and mobility of the Schottky and Frenkel defects 
responsible for the conduction, and also con- 
cerning the interactions between divalent im- 
purities and cation vacancies." It has long been 
known that polarization effects are often observed 
when measurements of d.c. conductivity are made. 
The current flowing under a constant applied 
potential decreases with time, reaching a steady 
value after a period varying from less than a minute 
to several hours.?) More recently FriauF“) has 
found polarization effects in the a.c. conductivity 
of silver bromide. The frequency-dependent 
capacity and resistance observed by FRIAUF were 
attributed to the finite rate of discharge of the 
charge carriers at the electrodes. The migrating 
carriers thus accumulate at the electrodes forming a 


space charge which gives rise to the additional 
capacity and resistance observed. Similarly, when 
a d.c. field is applied the space charge at the 


electrodes manifests itself as a “polarization 
voltage’’ which opposes the applied field and so 
reduces the effective field within the crystal. 


* Present Address: Institute for the Study of Metals, 
University of Chicago, Chicago 37, Illinois, U.S.A. 


times greater than those predicted by the theory of 


However, it has been realized that. blocking of 


charge carriers at internal boundaries in the 
crystal could produce similar a.c.“) and d.c.®) 
effects. The unambiguous assignment of the cause 
of polarization effects has thus not always been 
possible. The purpose of this paper is to describe 
measurements of a.c. polarization phenomena in 
the conductivity of potassium chloride, both pure 
and containing small amounts of strontium 
chloride, over a wide range of temperature using 
platinum electrodes. These results will be com- 
pared with the only theory extant at present, that 


due to FrrauF®). 


2. EXPERIMENTAL PROCEDURE 
Single crystals of potassium chloride containing 
amounts of strontium chloride up to 7-0 x 10-8 
vacuo from Analar 


mole ratio were 


reagent chemicals by the Stockbarger method. 


grown in 


The materials were pretreated at 100, 200, 300 and 
500°C by a mixture of purified hydrogen chloride 
gas and nitrogen gas in a manner similar to that 
described by GARDNER et al.), Single crystals of 
pure potassium chloride were also grown in air by 
the Kyropoulos method. No differences between 
the two batches of crystals were detected in the 
electrical measurements. Specimens were cleaved 
to rectangular parallelopipeds. The doped speci- 
mens were 3 to 4 mm thick with faces 10 x 10 mm. 
Pure crystals were cleaved to the same cross 
sectional area but the thickness was varied from 
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1 to 5mm. The strontium contents were deter- 
mined by X-ray fluorescence spectra or flame 
spectrophotometry with an accuracy of 5 per cent 
or better.“?) The specimens were held between 
platinum foil electrodes resting on insulating 
discs of recrystallized alumina. In some cases 
additional electrodes were applied by evaporation 
of platinum im vacuo. The electrodes and crystal 
were held under light compression applied from 
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ventional variable ratio-arm Wheatstone bridge, 
which incorporated a Wagner earth to balance any 
stray capacities to earth. The measurements give 
the equivalent parallel resistance and capacity of 
the sample. Considerable care was exercised in the 
selection and the shielding of the components to 
avoid spurious effects. Sources of error are the 
capacity due to the unshielded length of leads 
inside the cell, and a small residual capacity, due 





—- 
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Cin zuF xlO 




















Fic. 1. Polarization capacity (in puF x 10%) as a function of frequency for a KC] 
crystal containing 9°7 x 10-4 mole ratio SrCle. 2L = 0:345 cm; A = 0°803 cm?. 
Curve 1, 691°C; curve 2, 667°C; curve 3, 639°C; curve 4, 591°C. 


springs situated outside the furnace. The tem- 
perature was measured by means of two thermo- 
couples formed by welding a 13 per cent platinum- 
rhodium thermocouple wire to the back of each 
platinum electrode at its centre. 

At the start of an experiment the apparatus was 
evacuated to 10-6 mm at room temperature and a 
gentle stream of purified nitrogen was passed 
thereafter. When no additional electrodes had been 
applied the temperature was first raised to 690 
700°C for a period of one hour. This sufficed to 
the 
crystal because of the slight plasticity of the 


perfect contact between electrodes and 
crystal at high temperatures. Except where other- 
wise stated the measurements were made with the 
temperature descending after such an anneal. 


The a.c. measurements were made with a con- 


to imperfect winding and shielding of the balancing 
arm resistors, which caused the absolute value of 
the capacity to be in error by an amount which 


depended slightly on the resistance measured. 
However, at 50 kc the magnitude of the polariza- 
tion capacity measured was negligibly small com- 
pared with the values at lower frequencies (Fig. 
1). The capacity at 50 kc, which also included 
the geometric capacity of the sample was therefore 
subtracted from the values at lower frequencies. 


Using this procedure, polarization capacities 
greater than 10uyF could be measured with an ac- 
curacy of 1 to 2 per cent. The resistance could be 
measured to 0-1 per cent. Measurements were 
made in the range 300 to 50,000 c/s, and the 
performance of the bridge was extensively checked 


using standard components. 
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3. EXPERIMENTAL RESULTS 

Reproducibility 

The conductivity of pure potassium chloride 
in the intrinsic range was within 10 per cent of 
the values of PHipps and PartrIDGE®), The average 
value of the activation energy using data from six 
different runs was 44:9 + 0-7 kcal in the tem- 
perature range 530-680°C.The capacities and con- 
ductivities were always unchanged if the crystal 
was held overnight at the temperature of measure- 
ment, except for the most heavily doped crystal. 
Here, the capacity increased irreversibly by 5 per 
cent at 636°C, while the conductivity remained 
unchanged. When the temperature of a pure 
crystal was cycled between 634 and 675°C for two 
days the capacities were reproducible to + 5 per 
cent. However, after cooling to 548°C the capacity 
of a pure KCI crystal at 659°C was found to be 
10 per cent lower. Measurements on a crystal with 
evaporated platinum electrodes (run 4c) gave much 
larger changes on thermal cycling. After the 
passage of d.c. current through pure KCl in the 








Fic. 2. The logarithm of the polarization capacity at 

300 c/s in pyF as a function of T-! for a KCl crystal with 

platinum foil electrodes. (22 = 1°625mm, A = 
1-023 cm2.) 
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range 683-520°C, the capacity at 632°C was found 
to be 22 per cent lower than before this treatment. 


Frequency dependence of the capacity 

The capacity frequency measurements are sum- 
marized in Tables 1 and 2. The plots of log C vs. 
log f were always accurately linear and it is the 
slopes of these lines which are designated ‘‘fre- 
quency slope” in the tables. The slopes are 
recorded in the order in which the points were 
taken. 


Temperature dependence of the capacity 

The plot of log C vs. T-1 at 300 c/s was linear 
within experimental error for runs on pure potas- 
sium chloride without applied electrodes (Fig. 2). 
The slopes recorded in ‘Table 3 refer to measure- 
ments made with descending temperature. For the 
impure crystals the plots of log C vs. T-! were 
generally curved, as shown in Figs. 3 and 4. The 
reason for the greater scatter of the points in 
Fig. 3c is not known. 


Dependence on thickness 

The capacity at 300 c/s and 636°C of pure 
potassium chloride crystals is shown as a function 
of crystal thickness in Fig. 5. The straight line has 
been drawn with a slope of —2, thus verifying the 
relation C oc L-?. 


Dependence on applied voltage 

The capacity at 678°C in pure potassium 
chloride was independent of applied voltage in 
the range 0-28 to 3-0 V. The measurements on the 
impure crystals were made with applied potential 
differences of 100 mV up to 104 ohms and 800 mV 
up to 106 ohms, Changing the voltage by a factor 
of 2 again produced no change in the capacity. 


Polarization resistance 

A careful search revealed no frequency de- 
pendence of the resistance of pure potassium 
chloride. Only in the most heavily doped crystal 
(7-0 x 10-3 mole ratio of strontium chloride) was 
the resistance a function of frequency. A typical 
graph showing this is given in Fig. 6. The polariza- 
tion conductance was obtained in the same way 


as the polarization capacity, i.e. by subtraction of 
the value of 1/R at 50 ke from its value at lower 
frequencies. Plots of log [— A(1/R)] vs. log f were 
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Table 1. Frequency dependence of the polarization capacity in pure potassium chloride. 
The numbers given at each temperature are the slopes of the plot of log C vs. log f 


Run 


Mean 
number 


Frequency slope at the temperature (“C) 


16 685 


1:68 


(evaporated platinum electrodes) 
608 627 592 
23 1-24 1:20 1:19 


(evaporated platinum electrodes) 
604 625 639 
1-20 1-24 1-27 1-28 


(silver paint electrodes) 


674 656 
48 1-53 1°56 


* Annealed for 10 days in presence of electrodes. 


Table 2 


Frequency dependence of the polarization capacity in potassium chloride containing strontium 
chloride 


Mole ratio 


Frequency slope 


at the temperature (“C) 


586 


96-8 x 10- 


696 x 10-5 
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Fic. 3. 
crystals as a function of 7J~!. Mole ratio Sr**+:K* 
is 696 x 10~°, for b is 53-6 x 10~° and for c is 14:2 x 10~°. 
The lines without points have been obtained by adding 
3-5 to the calculated values of log C. Measurements on 
the most heavily doped crystal were limited to the 


Capacity at 300 c/s in puF/cm? of Sr-doped 
for a 


temperature range in which the Sr**+ remains completely 


in solution: at lower temperatures some precipitation of 
SrCle occurs. 


linear; the slopes are given in Table 4 in the column 
headed frequency dependence. 


4. DISCUSSION 
Polarization at the electrodes resulting from 
a finite rate of discharge of the charge carriers 
has been discussed theoretically by JaFFE:19) 
FRIAUF), 
The differential equations relating the con- 
centrations of positive (p) and negative (m) charge 
carriers to the electric field £ are 


Op O( pE) 


= Pp 


and 


+ ky(¢* — pn) 


OX 


o(nE) 
bn 
Cx 


cE 47e 

— = —(p—n) 

ox € 
where » and D denote mobility and diffusion co- 
efficients respectively, and co is the equilibrium 
concentration of each species. The rates of forma- 
tion and recombination of defects have been 
combined into the single rate constant k}. The 
Einstein relation 

p/D = e/kT 








Fic. 4. Capacity at 300 c/s in puF/cm? of Sr-doped 
crystals as a function of 7-1. Mole ratio Sr*++:K* is 
20:3 x 10-5 for a and 96°8 x 10~ for b. The lines without 


~ 


points have been obtained by adding 3-5 to the calculated 


values of log C. 


is assumed for both species. JAFFE has given the 
d.c. solution to these equations assuming that the 
that the formation 
be neglected. A 


field is homogeneous and 
and recombination 
solution for alternating applied fields has been 
obtained by Friaur. In order to linearize the equa- 


tions he assumed that the applied voltage V may 


terms can 


be expressed by 


V(t) = Vot+V\ exp jut (a) 
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Fic. 5. Dependence of polarization capacity at 300 c/s 
on thickness for pure KC] at 636°C. The solid line is of 
slope —2 as predicted by the theory. 


from which it follows that 
p(x, t) = po(x1)+pi(x) exp swt 
po{x) = co, no(x) = co, Eo(x) = 0. 
For certain limiting cases of the boundary con- 
ditions the results take relatively simple forms. 
When both charge carriers are completely blocked 


at the electrodes, that is when 


ip + L, t) = 0 and t,(+ L, t) = 0, 


the = Co (1 +(wr)*] 


—A(1 R) = 1 {1 +(w7)?|]Ro (3) 
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log f 


Fic. 6. Frequency dependence of resistance at 583°C of 
KCI containing 7 x 10~* mole fraction of SrCle. (a) R vs. 
log f. (b) log [A—(1/R)] vs. log f. 


where 
Ro = 2L/[e(up+pn)co] = 2L/6 
Co = €u/424/2 
t = RoCo and «2 = 47e?co/ekT 


As implied by the boundary conditions (2) the 
origin has been placed at the centre of a crystal 
of length 2L. 

The equations for the cases when positive 
carriers are free and negative carriers blocked 
(00, 0), and positive carriers blocked and negative 
ones free (0, 00) have also been given by FRIAUF®), 


Table 3. Temperature dependence of polarization capacity in pure KCI 


E(kcal/mole) 


Run number 








‘Temperature range 
CC) 





16 


10 
Mean value 
4c (ascend) 
4c (descend) 
4d (ascend) 

9 


686-594 
675-590 
676-594 


w 


ON 
~J] = 0 


nN 


590-529 
627-572 
639-569 
697-636 


monn A 
oN = © 
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Table 4. Polarization conductance at 300 c/s for a KCI crystal con- 
taining SrClg in the mole ratio Sr: K = 696 x 10-5. (A = 0-748 cm?; 
2L = 0-549 cm) 


wC 
—A(/R) 
at f = 300 c/s 


— A(1/R) Approximate 
frequency 


dependence 


Temperature 


(°C) at f = 300 c/s 





685 


1:844 x 10-4 


1:369 x 10-4 
1-169 x 10-4 
4-93 x 10-5 


and the equation for the impurity region where 
only cation vacancies produced by immobile 
divalent impurity ions are present, has been de- 
rived by Nimomiya and Sonorke™). For com- 
parison with our results, it is convenient to 
eliminate the diffusion coefficients from these 


equations in terms of the total conductivity and 
the transport number fy and ty, giving 


1/2 1 
x— _ 
ott 


2 


g8/2 tn? 


x 
J2L?2 — (2ty)¥/2 


kT 


Ne? , 


wl = 





| 


(4) 


(5) 


(Impurity 
region) 


Possible criticisms of the theory are the neglect 
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of non-linear terms (justified if eV; < kT), the 
neglect of the static space charge?) in the d.c. 
solution (b) above and the fact that rectification 
effects are not included. 

We consider first the results for runs with 
no applied electrodes. The mean value of the 
slopes of the plots of log C vs. log f is 1-62 for pure 
potassium chloride. This is in moderate accord 
with the value 1-50 predicted for the (0, 00) and 
(00, 0) cases (equation 4). Log C vs. T-! curves 
were calculated from the observed conductivity 
using equations (3), (4) and (5), the transport 
numbers being obtained from the diffusion data of 
LAURENT and BEeNARD"!), The results are summar- 
ized in Table 5. A value of zero for the blocking 
parameter means that the charge carrier concerned 
is completely blocked while a value of 00 indicates 
that it is completely unblocked. The activation 
energy observed is in accord with the (0, 00) case 
although the order of magnitude of C is nearer that 
for (00, 0). Blocking of both carriers is excluded 
by the value of the frequency slope. 


Table 5. Summary of theoretical and experimental results for 
polarization capacity in pure KCI ( for 2L = 0-161 cm, as in 


run 10 


Value of the blocking 


parameter for Cc 





Cation 
vacancies 


Anion 
vacancies 


(upF/cm?) 


, and f = 300 c/s, T = 636°C) 


T slope 
(kcal/mole) 


Frequency 
slope 





oO 0 

0 L 

0 ) 
experimental 


0-120 

0-013 

110 
87 
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Fic. 7. Variation of polarization capacity at 300 c/s 
with conductivity for KCl crystals containing SrCle. 
Experimental results have been adjusted to 2L = 0:4 cm. 


T = 636°C. 


The frequency dependence of capacity in the 
impure crystals was fairly constant from tempera- 
ture to temperature. However, the mean value for 
the slope, which varied from 1-68 to 1-88, appears 
to be significantly higher than the 1-50 predicted 
by equation (5) for complete blocking of the cation 
vacancies. Values of the blocking parameter inter- 
mediate between 0 and 00 would not however be in 


accord with the accurately linear log C vs. log f 


curves. The agreement between the shapes of 
observed and calculated log C vs. T~1 curves is 
reasonable with the exception of the crystal con- 
taining 2-0x10 
chloride. 

The values of capacity at 636°C and 300 c/s 


tmole fraction of strontium 


were corrected to the values expected for a crystal 
of thickness 4 mm using the square law predicted 
by the theory (which was verified for pure potas- 
sium chloride). 

For the impure crystals the graph of log C vs. 
log o is a straight line of slope 1-43 compared with 
the predicted value 1-50. When the values for the 
pure crystal are included the general shape of the 


and 
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curve agrees with (0, 00) rather than (0, 0) (Fig. 7), 
in accord with the conclusion above. The experi- 
mental point lying below the upper line in Fig. 7 
refers to the crystal which had an exceptionally 
long anneal before measurements were made. 

The polarization resistance at 300 c/s (see Table 
4) is of the order of magnitude predicted from the 
theoretical equation 


wC = —A(1/R) 


although A(1/R) varies as approximately w! 
rather than w 1/2, The smallness of the effect 
precluded a detailed study. 

Apart from the large discrepancy in magnitude 
between observed and calculated effects, which is 
discussed below, these results are in accord with 
FRIAUF’s theory provided that we assume that in 
the pure crystals (intrinsic region) anion vacancies 
are blocked and cation vacancies free while in the 
doped crystals the cation vacancies are completely 
blocked. It is worth emphasizing that the choice 
between (0,00) and (00, 0) is independent of the 
present uncertainty in the values of transport 
numbers in pure potassium chloride. Noting that 
the transport number of cations is tx = ox/o so 
that 


d log tk te(Eco, — Ex) 


d(1/T) R 
where /o, and /£x are the activation energies for 
diffusion of chloride ion and potassium ion re- 
spectively, it is easily shown that, for the (00, 0) 
case: 


d log C dloga 


a (Ec, — Ex)($+ tei) 
d(i/T) | R 


(6) 
The observed values are: 
d log C 
a(1/T) R 


— §0 x 103 


’ 


— 67-4 x 103 
d(ijT) R 


7 
a log \e} 


Whatever the value of tc, the observed and cal- 
culated values of d log C/d(1/T) cannot agree 
unless Ex > Ee; and this is certainly not true. 
Our original choice of (0, 0) based on LAURENT 
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and BENARD’s data (see Table 5) is thus inde- 
pendent of possible inaccuracies in this data. 

It is not clear, why in spite of agreement in 
general character, the observed capacities should 
be a factor of 10° to 104 greater than those cal- 
culated from the theory. A similar discrepancy 
observed in silver chloride has been attributed“? 
to the blocking of cation vacancies at internal 
barriers in the crystal. However, this is ruled out 
by the dependence of C on L-? in the pure crystal 
since for internal blocking C should vary as L 
Enhancement of polarization effects by the higher 
defect concentration at the surface, due to the 
space charge effect discussed by LeHovec"!”?) and 
others is unlikely to account for such a large factor. 
(Using the values of Morr and LItTrLeton !?) 
for the work done in taking an anion, and in taking 
a cation, from a normal lattice site to infinity, the 


surface concentration is found to be only a factor of 


five greater than in the bulk at 600°C). 

A possible reason for the discrepancy is that 
FRriaur’s theory assumes that eV/kRT < 1. For V = 
100 mV, eV/kRT ~ 1:3 at 600°C. However, the 
independence of C of applied voltage, and the 
absence of harmonics in the bridge balance in 
all but the most heavily doped crystal, suggest 
that this is not the cause. A further approximation 
is that 47e?nD/ERT is assumed <1. This is 
approximately so for the pure crystal, but not 
for the more impure ones. However, the fact that 
the discrepancy does not vary much with impurity 
content argues against this as the major cause. 
The consistently high values of the frequency 
slope may be due to these approximations and it 
is evident that the equations of FRIAUF are not 
really adequate for the alkali halides at such high 
temperatures. D.C. measurements have also been 
made on these and other crystals. The results are 
again more complex than the JAFFE theory might 
lead one to hope and will be discussed in a forth- 
coming paper. 

The behaviour of the crystal with evaporated 
platinum electrodes (Fig. 8) is similar to that ob- 
served by Friaur for silver bromide with painted 
silver electrodes; he also noted a decrease in capa- 


city after passing direct current. The layer of 


platinum vanished during the experiment, pre- 
sumably by diffusion into the salt. Although the 
capacities without additional electrodes are more 
reproducible than with applied electrodes, the 
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Fic 8. 
on 7~! for pure KCl with evaporated platinum elec- 


trodes. 


Dependence of polarization capacity at 300 c/s 


indicate the direction of the thermal 


cycling. 


Arrows 


anomalously low capacity of the doped crystal 
which was annealed in the presence of the elec- 
trodes before measurements (Fig. 7), and the 
tenacity with which the clean foil will stick to the 
crystal after annealing, suggest that a very slow 
chemical reaction of the materials may be taking 


place. 
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Abstract—A study was made of the disorder quenched in B-Cu—Zn. At low temperatures, 25—250°C, 
the predominant defect appears to be a wrong pair of Cu and Zn atoms whose observed value of 
energy of formation is 7:2—8-0 kcal/mol. The energy of motion during reordering is 14 kcal/mol. and 
it appears that a vacancy is trapped in the vicinity of a wrong pair of atoms. 


1. INTRODUCTION 
THE STRUCTURE properties of 
solutions are not completely understood because 
the detailed structure of solid solutions cannot be 
measured directly. The deviations from the com- 
pletely random solution which have been recog- 
nized are clustering, short range order, and long 
range order; it is these details of the atomic distri- 
bution which are responsible for the complexity 


sensitive solid 


of their behavior. If one superposes non-equi- 


librium states which are produced by quenching, 
the situation becomes even more complex. Thus 
the behaviour of quenched alloys is still far from 
being understood as shown by the work of 
WECHSLER KERNOHAN": 2), NowiIcK 
SLapDEK") and the discussion between DIENEs and 
WECHSLER": >), It appears that the quenched-in 
concentration of vacancies in alloys is greater than 


and and 


that in pure metals so that any investigations of 
alloys are still far in advance of existing theories. 
Even theories of long range order are no more 
than mathematical 
completely describe the atomic distribution. Per- 
haps the many experimental observations cannot 
be properly explained until the actual atoms are 


idealizations which do not 


observed with a microscope. 
This paper is specifically concerned with an 
investigation of the effect of qnenching on the 
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electrical resistivity of B-Cu-Zn. There has been 
previous work on B-Cu—Zn by SmitH®), GREEN 
and Brown"), BRowN®) on the effect of quench- 
ing on the yield point, and by CLAREBROUGH"™? on 
internal friction. Previously SmirH found no re- 
sistivity effect on quenching. 

In the large, we would like this paper to be con- 
sidered as an investigation of defects in a system 
which is almost completely in a state of long range 
order. Thus far, all attempts to quench-in a large 
amount of disorder in B-Cu—Zn have been un- 
successful. In this investigation, it is believed that 
the basic system is a matrix of long range order in 
which may be quenched a small but nearly equi- 
librium amount of disorder. ‘The decay and the 
activation energy of formation of this small amount 
of disorder have been investigated. 


2. EXPERIMENTAL 

The B-Cu-—Zn specimens were made from ex- 
truded 0-070 in. wire. The analysis was 51-5 per 
cent Cu with 0-01—0-001 per cent Fe as the major 
impurity, and the remainder Zn. The wires were 
milled flat to a thickness of 0-013 in. Specimens 
were water quenched and then immediately placed 
in liquid nitrogen at which temperature the re- 
sistivity was measured. The decay in resistivity 
was done isothermally at various elevated tem- 
perature and appropriate times after which the 
specimen was quenched to liquid nitrogen in 
order to measure the resistivity. 

Some specimens were designed so that both 
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yield point and electrical resistivity could be 
measured on the same specimen in order to corre- 
late the electrical resistivity measurements with 
previous investigations of the yield point. 

It was found that a single specimen could be 
used to investigate the effect of quenching tem- 
perature on electrical resistivity because all 
quenched-in resistance could be annealed out 
completely at low temperatures so that the prior 
thermal history of the specimen was completely 
erased. The conducted with 


several specimens all of which gave identical re- 


investigation was 
sults except that each had a somewhat different 


residual resistance. 


3. RESULTS 
The variation of quenched-in electrical re- 
sistivity with quenching temperature was observed 
over the range of 50-530°C. Fig. 1 is a typical 
result. The degree of long range prior to quench- 
ing was obtained from X-ray data by CHIPMAN 
and WaRREN"®), ‘The quenched-in resistivity for 


high quenching temperatures around 7; is related 


to a prior investigation of the yield point by 
Brown"). ‘The change in resistivity which is pro- 
duced by quenching from below 350°C is an 
entirely new and surprising observation. It is to 
be noted that the magnitude of the quenched-in 
resistivity is large compared to that which can be 
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Fic. 1. Quenched-in resistivity vs. quenching tempera- 
ture. Resistivity measured at — 196°C. 


quenched into pure metals for comparable quench- 
ing temperatures. 

The typical kinetics of isothermal decay of the 
quenched-in resistivity are shown in Fig. 2 for a 
high temperature quench and in Fig. 3 for a low 
temperature quench. Possibly the large resistivity 
produced at low quenching temperatures has 





Fic. 2. Decay curve of high temperature quenched-in resistivity 
vs. time for various decay temperatures. 
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Fic. 3. Same as Fig. 2 for a low quenching temperature. 


hitherto escaped detection because it decays so 
rapidly. Since the resistivity associated with the 
peak produced by quenching from a low tem- 
perature anneals out very rapidly compared to 
that for a high temperature quench, it was possible 
to separate the two effects as shown in Fig. 4 
where the upper curve is the as quenched state and 


[\ 
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Quenching 





. c ) 25¢ 
temperoture, bs 
Fic. 4. Resistivity vs. quenching temperature after 
a short time anneal. 


the lower curve is the resistivity after a short time 
anneal. Thus, the two defects which are produced 
may be separated as shown in Fig. 5. Curve B 
represents the newly discovered quenched-in 
with the 


resistivity, and curve A is associated 


defect which also produces the 
strengthening as observed in a prior investiga- 
tion.8) Curve A could just as well be a plot of yield 


point Vs. quenching temperature. In other words 


quenched-in 


the strengthening associated with a high tempera- 
ture quench is essentially proportional to the in- 


crease in resistivity. 
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Quenching temperoture, °C 


Resistivity vs. quenching temperature showing 
separation of the two defects. 
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In order to determine whether the defect 
associated with curve B increased the strength, the 
specimen was quenched and the increase in re- 
sistivity was observed as shown in Fig. 1. The 
specimen was then pulled at —25°C very slightly 
in order to determine the yield point as shown in 
Fig. 6. The specimen was then given a short time 
anneal which removed the resistivity introduced 
by quenching between 25 to 350°C as shown in 
Fig. 4. The yield point was determined again at 

















Quenching temperature, 


Yield point at —25°C vs. quenching tempera- 
ture. 
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—25°C; it was found that the yield point was the 
same as that before the short time anneal except 
for the very small amount of work hardening pro- 
duced during the first pull. It can be concluded 
that the defect associated with curve B (Fig. 5) 
does not affect the macroscopic yield point, 
whereas that associated with curve A affects both 
resistivity and yield point in proportional amounts. 


6. ANALYSIS 
The nature of the defects was analyzed by con- 
ventional methods. The activation 
motion was determined from the decay curves 
(Figs. 2 and 3) by plotting log time for a given 
fraction of decay vs. 1/T. The results shown in 


Table 1 for three representative quenching 
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energy of 
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temperatures were independent of the fraction that 
decayed. 

Within the error of present measurements, it can 
be said that the energy of motion, Qy, during 
decay is independent of quenching temperature, 
and we will now use the average value of 14 kcal/ 
mol. This value is close to other observations on 


Table 1 


Quenching temperature, °C Om, kcal/mol 


508 13-4 
465 14-3 
260 13-8 





decay in quenched f$-Cu-Zn by GREEN and 
Brown") measuring yield point, 15 kcal/mol, and 
CLAREBROUGH™) measuring internal friction, also 
15 kcal/mol. The difference between 14 and 
15 kcal/mol is not considered significant at this 
time. 

Kuper et al.“!1) have measured the diffusion of 
Cu and Zn in B-Cu—Zn and found that at tem- 
peratures of 264-381°C, Op (Cu) = Qp (Zn) = 
36 kcal/mol. Thus, according to the usual analysis, 


Op = Ou +Or 


the energy of formation, Op, of a vacancy should be 
about 22 kcal/mol. In order to determine the 
energy of formation of the low temperature defect, 
the portion of curve B (Fig. 5) between 25 and 
250°C was analyzed. ‘The maximum that occurs 
will be discussed later because it appears to be 
associated with a loss of defects during the quench 
via an interaction with the overlapping defect pro- 


duced at higher quenching temperatures. Thus, 
assuming that a negligible amount of the defect 


is lost during a quench between 25°C and 210°C, 
the energy of formation was obtained from the 
usual assumption that 


pa ~ C = Aexp(—OQp/kT) (1) 


where pg is the quenched-in resistivity, C is the 
concentration of the defect, A is an entropy factor, 
Or energy of formation of the defect, and T is the 
quenching temperature. The graphical analysis 
in Fig. 7 gives a value of Op = 7-:2-8-0 kcal/mol. 
Thus, it appears that the defect is not primarily 
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a vacancy because this experimental value of Op 
is much smaller than Op for a vacancy as deduced 
above. 

The low experimental value of Qp should rule 
out vacancies as the low temperature defect. The 
most likely source of this resistivity is disorder in 
an essentially ordered matrix. The large difference 
between the resistivity of the ordered and dis- 
ordered state is an ample reservoir from which the 
low quench temperature resistivity can be ob- 
tained. Fig. 8") shows the resistivity in B-Cu-—Zn 
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Determination of Or of low temperature defect. 
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as a function of temperature. From an extrapola- 
tion of the resistivity of the disordered state to a 
lower temperature, it is estimated that there is 
8uohmcm difference between the completely 
ordered and disordered states. Quenching from 
about 260°C produces a 0-144 0hmcm of re- 
sistivity which is about 2 per cent of the resistivity 
difference between the completely ordered and 
disordered states. Now the amount of disorder, 
(1—S), which exists at 250°C is also about 2 per 
cent as determined from the X-ray data of 
CHIPMAN and WarREN"®), The most likely source 
of this resistivity is the small amount of quenched- 
in disorder. Op, as determined above, is 8 kcal/mol 
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and should correspond to the energy to form a 
wrong pair in the nearly completely ordered 
matrix. This represents a new discovery in 
B-Cu-Zn because hitherto it has always been 
assumed that equilibrium states of partial long 
range order could not be quenched into B-Cu-Zn. 
It appears that small equilibrium amounts of dis- 
order can be quenched-in if the quenching tem- 
perature is sufficiently low. 
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| ame 
Resistivity of B-Cu-Zn as a function of the 
temperature. 


There are now more detailed questions to be 
answered concerning the small amount of disorder 
in the nearly completely ordered matrix. We will 
be concerned with the range of quenching tem- 
perature between 25-250°C where there is no 
overlap with the other defect. Since (1—S) is less 
than 2 per cent in this range, the disordered pairs 
are sufficiently dilute so that they can be treated 
as isolated defects. Now two extreme possibilities 
will be considered: (1) the defect is purely a pair 
of isolated wrong atoms or (2) it is purely a bound 
pair of wrong atoms. In general both defects 
should coexist. A wrong atom pair is defined by 
a Cu and Zn atom each being on a wrong site with 
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respect to the superlattice. The superlattice is 
b.c.c. and consists of two interpenetrating simple 
cubic lattices one of which is occupied by a single 
species of atoms when complete long range order 
exists. Since the present alloy is not exactly 
1, all 


of the minority species, zinc atoms, are on one 


stoichiometric, this means that when S 


sublattice. 

In order to determine whether the defect is a 
bound wrong atom pair i.e. nearest neighbors 
exchange sites or pairs of isolated wrong atoms, 
we shall use some elementary _ statistical 
mechanics."!3) The calculation will be made for 
ideal stoichiometry of N Cu—Zn molecules (N Cu 


N Zn 


wrong pairs (n wrong Zn and m wrong Cu atoms). 


and atoms). m is the number of isolated 


For isolated wrong pairs, the number of arrange- 
ments is for dilute concentrations 


N! 
W ~ 
(N—n)!n! 
The free energy is given by 
F = nE—kT\|nW (3) 
where E is the energy to form an isolated wrong 
pair. It can be shown that 


E 16 {1 2(e 147+ €BB)—€AB} = l6e (4) 


where € 44 etc., are the conventional nearest neigh- 
bor bond energies, and ¢ is the net interaction 
energy, which is positive in order to produce long 


range order. Thus, 


1 6ne« 


N! 
2kT In — (5) 


Setting 


one obtains for the dilute concentration of isolated 
wrong pairs 


n 
C, = . ~ exp(—8e/kT) (6) 


Seitz%4) has previously considered the equi- 
librium concentration of bound pairs of defects in 


alkali halides. For a dilute solution of bound 
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wrong pairs the number of arrangements is 
8” N! 
W ~ — 
(N—n)!n! 


where is the number of bound wrong pairs, and 
N is again the total number of Cu-Zn molecules. 
The energy to produce a bound wrong pair is 14e. 


F = 14ne—kT ln W (8) 


Setting 


Cu = — = Sexp(—14e/AT) (9) 


relative concentration of the two defects is 
Cp 


8 exp(— 6e/RT) 
Ci 


If we use the Bragg and Williams theory where 
kT. 
4 


465°C then 


and since 7; : 


Cp < C7 258°C 


In the range of immediate interest, 25—250°C, 
isolated pairs should be more numerous according 
to the above calculation. 

Another way to determine whether the bound 
wrong pairs or isolated wrong pairs are more 
prevalent in the range 25—250°C is to compare the 
value of Oy as obtained experimentally via equation 
(1) with the energies of formation predicted by 
equations (6) and (9). Equation (6) predicts that 
Or for an isolated wrong pair is 8¢ and equation 
(9) for a bound wrong pair predicts 14e. Using the 
Bragg—Williams approximation e = k7'/4; then Or 
for an isolated pair is 3 kcal/mol and for a bound 
pair 5 kcal/mol. Using the quasi chemical theory 
of L195) Op for an isolated pair is 3-5 kcal/mol and 
for a bound wrong pair 6 kcal/mol. Thus, the 
experimental value of 8 kcal/mol favors a predom- 
inance of bound wrong pairs. However, the most 
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important result is the fact that the experimental 
value of Qp is close to both theoretical values. 
Most likely the existing theories for the energy to 
place an atom in a wrong site are not good enough 
for more accurate predictions. Probably the 
experimental value for Qp is closer to actuality 
than that supplied by present theories. 

If we use the experimental value of 8 kcal/mol 
for Op then the concentration of wrong pairs 
comes out to be about 0-5 per cent at 250°C. This 
value corresponds to about 1 per cent disorder and 
may be more reliable than the X-ray data which is 
not better than about 3 per cent in the region of 
almost complete long range order. A large dis- 
crepancy between X-ray measurements of long 
range order in AuCu and measurements of the 
heat of formation have recently been pointed out 
by Orr"6), Luciat-LaBry and HULTGREN. 

The resistivity is about 0-14 wohm cm per | per 
cent of wrong pairs which is about 1/10 the 


expected value for the resistivity of 1 per cent 
vacancies. This is reasonable because a vacancy 
should perturb the periodicity of the lattice 
potential more than a wrong pair. 

The lack of strengthening associated 
quenching from 250°C is readily understandable 


with 


if the defect is a pair of isolated wrong atoms be- 
cause slip will only further isolate the wrong 
atoms and not increase the energy of the system. 
However, bound wrong pairs would produce a 
strengthening because slip would convert some 
bound wrong pairs to isolated wrong pairs. ‘The 
energy to convert a bound wrong pair to an iso- 
lated wrong pair is e. ‘The number of bound wrong 
pair bonds per unit area of a (110) slip plane 


Cp 
Vv (2)b° 


The strengthening associated with disordering 


C= 


the bound wrong pairs is calculated using the idea 
of FisHer"?) for short range order strengthening 
3/4 Cpe 
v (2) 
Letting Cz = 0-01, 6b = 2x 10-8 cm, e = RT;,/4 
7 = 15x 10% dynes 
Now the base strength of the as quenched state 
is 8x 108 dynes/cm?. Thus, the strengthening 
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would be about 2 per cent of the base strength of 
the alloy and too small to be observed by the usual 
stress-strain measurement as indicated by the 
experimental observation. 

The kinetics of decay will be crudely analyzed 
to determine the diffusion distance for the dis- 
appearance of the defect. The diffusion distance 
or more properly the square root of the number of 
random jumps before the wrong pair becomes a 
right pair is 


X= \ 'Dt 


where v is the diffusion coefficient and ¢ is the 
time. From Fig. 3, t = 60 sec and T = 294°K for 
the process to decay by one-half. It will be 
assumed that 

b2p 


D = — exp(—14000/RT) 


where v 1018 sec-1, b = 1x 10-8 cm, and a is 
an entropy factor which in the case of an order 
structure like B-Cu—Zn should be about 8 (the 
usual value for b.c.c.). The activation energy for 
motion is that obtained experimentally. ‘Thus 


X = 50b/\« 


This value is reasonable if the decay process is 
simply a reordering of wrong atoms where initial 
concentration is about 1 per cent. It is not too 
grossly inconsistent with an interchange of atoms 
via a vacancy near a bound wrong pair since a 
direct interchange is not expected. ELcock"!®) has 
shown that with a vacancy mechanism it takes a 
minimum of six jumps to cause diffusion without 
creating a net disorder. The above calculation 
assumes the vacancy is already near one atom of a 
wrong pair; this assumption represents an over- 
estimation for X. However, if the vacancy were 
randomly distributed in a concentration demanded 
by an activation of self-diffusion of 36 kcal/mol, 
then X would be about 10-6 6 which is much too 
small. It is suspected that the concentration of 
vacancies in the neighborhood of a bound wrong 
pair is greater than the average. This would be 
consistent with the kinetics. Also it is expected 
that it is somewhat easier to create a wrong pair 
in the neighborhood of a vacancy than in a perfect 
crystal so that upon quenching the bound wrong 
pair tends to trap a vacancy in its vicinity. 





298 | ae F 


The behavior of B-Cu—Zn is similar to that of 
50-50 Au—Cd as shown by HuNTINGTON ef al.9) 
Au-Cd is in a state of long range order up to its 
melting point. They found that Qg (Au) = 29-8 
kcal/mol and Qg (Cd) = 27-9 _ kcal/mol. 
WECHSLER") Om = 13-4 kcal/mol 
Oy = 8-7 kcal/mol for the defect produced by 


found and 


quenching. HUNTINGTON et al. also suggested that 


vacancy motion eradicated the defect which was 
probably short range disorder in the matrix of 
nearly complete LRO. 

The maximum in quenched-in resistivity shown 
by curve B Fig. 5 is similar to that in Cu—Al alloy 
observed by WECHSLER and KERNOHAN®) who 
suggested that at higher temperatures the rate of 
decay increases. Also the observed Op by 
WECHSLER and KERNOHAN®) was 3 kcal/mol which 
is small compared to Or of vacancies in pure Cu. 

The defect produced by the high temperature 
quench has been fully discussed by BRown®) 
and seems to be associated with the interaction 
between dislocations and the rapid formation of 
long range order during the quench. Preliminary 
work with the electron microscope indicates that 
there is a profound change in the dislocation dis- 
tribution after a high temperature quench. The 
strengthening associated with the high temperature 
quench supports this viewpoint. 


5. CONCLUSIONS 
i. A small, but equilibrium amount of disorder 
may be quenched in B-Cu—Zn. 
. The 
dilute concentration of wrong pairs whose 
activation energy of formation is 8 kcal/mol. 


disorder has been associated with a 


. The energy of motion associated with re- 
ordering is 14 kcal/mol. 

. The wrong pairs produce no measurable 
increase in the strength of B-Cu—Zn. 


CLARK and N. 


BROWN 


5. A resistivity of 0-14 1 ohm cm is produced 
by a 1 per cent concentration of wrong pairs. 
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Résumé—On étudie l’influence de |’irradiation aux neutrons rapides sur les bandes bleue et orange 
de luminescence du phosphore ZnS—Mn excité par la lumiére de Wood. 


Summary—The ZnS-Mn phosphor is irradiated with fast neutrons. The influence on the blue 


and orange luminescent bands is studied. 


SMITH et ‘TURKEVICH ont montre“) que 
irradiation préalable dans la pile atomique 
diminue considérablement le rendement de la 
photoluminescence du phosphore ZnS—Cu. Les 
défauts de structure créés par les neutrons rapides 
peuvent servir de piéges a trous,"?) qui s’y recom- 
binent sans émission. 

Il a paru intéressant d’étudier 
d irradiation aux neutrons sur le spectre d’émission 
du phosphore ZnS—Mn (10~*) excité par la lumiere 
de Wood. Ce spectre se compose de deux bandes 
principales: la bande bleue provenant de la 
luminescence de recombinaison et la bande orange 
émise par les centres Mn** “‘discrets’’. Ces centres 
peuvent étre excités, soit par l’absorption directe 
de ultraviolet, soit par le transfert résonant des 
centres ‘“‘bleux”’ par le transfert 
d’énergie se dégageant pendant les recombinaisons 
des trous libres avec les électrons pres de ces 
centres.) L’étude d’extinction de la bande bleue 
et du renforcement de la bande orange du ZnS—Mn 


Vinfluence 


excités, soit 


par l’infrarouge a suggéré que ces effets (ainsi que 
la variation du spectre avec |’echauffement du 
—180°C jusqu’a + 20°C) sont 
liées a la libération des trous des centres “‘bleux”’ 
excités, et 4 leur recombinaison avec |’excitation 
des centres ‘‘organges’’.“) Ce transfert d’énergie 


phosphore de 


par l’intermédiaire des trous libres doit étre 
évidemment sensible aux défauts de 
créés par irradiation dans la pile. 


La poudre ZnS—Mn (10-4) 5 pour cent NaCl hex. 


structure 
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préparée et aimablement mise a notre disposition 
par Dr. A. A. TCHEREPNEV a été irradiée dans la 
pile atomique ““EWA”’ a Swierk, le temps d’irradia- 
tion étant de 2 a 140 min et l’intensité du flux 101% 
neutrons par seccm?. Quelques jours aprés 
lirradiation dans la pile, l’intensité de deux bandes 
d’émission excitée par la lumiére de Wood 4 la 
température +20°C, —70°C et —180°C a été 
mesurée; aux basses températures on a aussi 
mesuré l’intensité de la luminescence sous |’action 
simultanée de la lumiére de Wood et de l’infra- 
rouge. Les mesures de controle faites au bout de 
3 mois ont prouvé la reproductibilité de tous les 
résultats recus. 

Ces résultats montrent, que l’intensité des deux 
bandes s’abaisse avec la dose des neutrons (mesurée 
par le temps d’irradiation); cette variation étant 
tres rapide pour les premieres doses et plus lente 
ensuite (Fig. 1). 

Puisque le degrés d’extinction de la bande bleue 
est différent de celui de la bande orange, le rapport 
des intensités de deux bandes : Jp/J, varie avec le 
temps d’irradiation dans la pile (Fig. 2) A la tem- 
pérature —180°C la bande bleue est plus forte- 
ment éteinte que la bande orange et le rapport 
Io/Ip croit avec la dose des neutrons. Ce caractére 
de la courbe Jo/J, (dose) est encore plus pro- 
noncée a —70°C quand la libération des trous de 
centres bleux devient plus forte, mais |’intensité 
de la bande orange n’a augmenté que de 63 pour 
cent. Le caractére de la courbe Jo//» change a la 
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température ambiante : la bande bleue est deja 
fortement éteinte (13 fois plus faible qu’a — 180°C) 
et la bande orange, pour laquelle le role du transfert 
par l’intermédiaire des trous a considérablement 
augmente, (l’intensité de la bande orange a + 20°C 
est plus que 4 fois grande qu’a — 180°C) se montre 
beaucoup plus sensible aux défauts introduits par 
les neutrons, que la bande bleue, et en conséquence 


la valeur /9//, tombe rapidement. 
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aux ions Mn** interstitiels“°) relativement a la 
bande orange. 

La valeur Wy présentée dans les Tableaux 1 
et 2 est égale au rapport de l’intensité de la 
luminescence avec l’action simultanée du rayonne- 
ment infra-rouge a l’intensité de cette luminescence 
sans les rayons infra-rouges. Les WyR mesure 
ainsi l’extinction de la bande bleue (WyR < 1) et 
le renforcement de la bande orange (Wy > 1) par 








Fic. 1. 


La variation de l’intensité de la bande orange Jo de 


luminescence de ZnS—Mn (10-4) avec le temps d’irradiation 
dans la pile. Pour le phosphore non irradié: 


a +20°C Io 1000, a —70°C 


I] ressort des spectres présentes sur la Fig.3(a) 
et 3(b), que Virradiation aux neutrons semble 
produire non seulement la baisse du rendement de 
la luminescence et la variation du rapport des 
intensités des deux bandes mais aussi un déplace- 
ment du spectre vers les courtes longeurs d’ondes 
et—a la température ambiante—le renforcement 


de la bande rouge Amax = 615 mp due évidement 


o = 390, a —180°C Jo = 240. 


l’infra-rouge. Les Tableaux 1 et 2 montrent que 
Wr diminue en général avec la dose des neutrons. 


Or, pour les poudres irradi¢es dans la pile l’ex- 
tinction de la bande bleue devient plus prononcée 
et le renforcement de la bande orange plus faible 
et méme, pour les irradiations plus longues, ce 
renforcement est remplacé a —70°C par l’extinc- 
tion (WR < 1). 
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Fic. 2. La variation du rapport Jo/Jy (lintensité de la bande 
orange a l’intensité de la bande bleue) dans le spectre de 
luminescence de ZnS—Mn (10-4) avec le temps d’irradiation 
dans la pile. Pour le phosphore non irradié : a +20°C Jo/Ip = 
1000 a —70°C IJo/Ip = 25 a —180°C IJo/Iy = 18. 


Tableau | 


ZnS—Mn(10~4) a —180°C Wiz = [UVttR 7 0V 


ving Temps 
~~ (min) ) 
Wir 


Bande orange 
Bande bleue 
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Tableau 2 








ZnS-Mn(10-*) 4 —70°C Wiz = [EVR /7OV 





Temps 
(min) 


~ 
~ 





Bande orange 
Bande bleue 








ZnS~Mn (10%) 
-180°C 





Fic. 3. Le spectre de luminescence de ZnS—Mn (10-4) ——— non irradié; 
-—-—-- irradié préablement dans la pile pendant 10 mins. 
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Tableau 3 














Irradié 140 min dans la pile 
ZnS—Mn(10-*) | 





irradié Chauffé dans |’azote 

- ie dans 
a wen: nce ae | | | 3h a 200°C 
1h a 200°C 3h a 200°C 3h a 200°C 2h a 400°C 
} | 2h 82400°C | 1ha600°C 











| 


| 
| 
| 


Bande orange 





Bande bleue 








Tableau 4 








Irradié 140 min dans la pile 





: iF Chauffé 
_— ak irradié dans | Nes inn Peniaie 
nia aes chauffé 3h a 200°C 
: 2h & 400°C 


1h a 600°C 





[+20/J-70 





[+20/]-180 





It = 


effets observés Remerciements—Je voudrais remercier mes collégues du 
Groupe d’Irradiations ainsi que de Service de l’Exploita- 
tion de la Pile de leur collaboration. 


L’analyse quantitative des 
exige d’une étude plus en détail, mais déja les 
résultats montrent la sensibilité de ‘‘l’effet de 
l’infra-rouge”’ aux défauts de structure en accord 
avec le mécanisme proposé. 

Par l’echauffement dans l|’azote des échantillons . Smiru A. W. and Turkevicu J., Phys. Rev. 94, 4, 

857 (1954). 

. SmituH A. W., Phys. Rev. 101, 4, 1263 (1956). 

ron . Se . Krocer F. A., Luminescence in Solids containing 
et sa variation avec la temperature d’excitation 1 Mh ; 

an Manganese. 'Thése, Amsterdam (1940). 
(‘Tableau 4). . Jaszczyn P. 

On n’a pas reussi cependant a retablir com- (a) Festkérperphysik und Physik der Leuchstoffe, 
p. 299. Akademieverlag, Berlin (1958); 


" nee Sp _ i Spektrosh. 59); 
Vechauffement prolongé diminuant la luminosité (b) Opt. 1 Spektrosk. 7, 691 (1959); 
7 Be : (c) Acta Phys. Polon. 17, 427 (1959); 


des echantillons irradiés ainsi que des echantillons (d) Physik und Chemie des Kristallphosphore, Arbei- 
non irradiés aux neutrons. stagung in Greifswald 1959, en presse. 
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Abstract—The saturation magnetization between 100 and 700°K was measured in the compounds 


having a general formula of Y¢ 
x = 0-2 for M 


M.-Fe19004, with x = 0-6 for M = Sm, x = 0-4 for M = Nd, 
= Pr and x = 0 and 1 for M = La. No compensation temperature was observed 


in the studied temperature interval. The low temperature magnetic moments of the Sm and La 


series are the same as for Y6Fei0O2z, i.e. about 10 Bohr magnetons. For the Nd and Pr series, values 


of 11 for x 


all these garnets are 550 + 10°K 


THE RARE earths Sm to Lu are known to enter into 
iron garnets."1,2) This has not been found possible 
for the larger ions of Nd, Pr and La. However, 


) 


Nd can be substituted for Y up to 2 of the yttrium 
ina garnet structure. °-4) Similar substitutions of the 
other rare earths have evidently been made recently 
by Ditton and Niessen), It is not clear from 


their abstract to what amount these were intro- 
duced, and if any saturation measurements were 
carried out besides the ferromagnetic resonance 
in which these authors were mainly interested. 


Substitution of gadolinium and samarium have 
recently been reported.’ 
We were interested to find out to what extent 


could the large ions of Pré*, Ce?+ and La?* be 
substituted for the Y in the garnet structure, and 
observe the change ot magnetization due to the 
replacing of the diamagnetic Y** by the 


and Pr? 


para- 
magnetic Nd® ions in the same sublattice. 
This seemed important because most of the works 
are substitution for the iron in the octahedral and 


than for the 


8-13 


tetrahedral sublattices, rather 


\ 


Yttrium and rare earth oxides from Lindsay Co. 


* Part of a thesis by M.S. to be submitted to the 
Hebrew University, Jerusalem, in partial fulfilment of 
the requirements for a Ph.D degree. Part of this paper 
was presented at the October 1960 meeting of the 
Israel Chemical Society. 
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2 Pr to 13 Bohr magnetons for x = 4 Nd were obtained. The Curie temperatures for 


certified 99-9 per cent purity and ferric oxide 


from Fisher certified reagent purity were 
thoroughly mixed in an agate mortar according 
to the formula Yg_,M,Fe19024 where M is Sm, 
Nd, Pr, Ce and La and x varied from 0 to 6. The 
samples were then pressed to pellets and fired in 
an interval of 1340-1380°C, for a holding period 
of Shr. 

No volatilization effects could be determined 
either by weighing or by comparing the emission 
of the the 


material, so that the chemical composition of the 


spectrum unreacted with reacted 
reacted ferrite can be taken as that of the unreacted 
components. 

X-ray powder diffractions with a CuK radiation 
taken on the samples, showed a shift of lines as a 
function of the composition, indicating an increase 
of the unit cell lattice parameter and showing thus 
the maximum amount of the rare earth ion which 
can be incorporated in the garnet structure. For 
Sm? = 6, for Nao se: = 4, 
for Pr, x = 2, for Ce, x = 0 and for La, e« = 1. 
If higher proportions of these rare earths are intro- 


this maximum was x 


duced, one obtains part of them in a perovskite 
form, which is easily identified in the X-ray 
pattern. 
The lattice constants of these garnets are being 
calculated and will be published elsewhere. 4) 
The pure X-ray phase samples were also checked 


04 
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for magnetite by a method described before. No 
magnetite was found in the samples. This is in 
agreement with the experiments made by SEIDEN 
et al.™5) on the nonstoichiometric yttrium—iron 
garnets fired in oxidizing atmosphere. 

The saturation magnetization was measured on 
the pure garnet phase samples by the pondero- 
metric method"®) between 100 and 700°K by 
comparing the magnetic moments with that of 
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The results for the Sm—Y iron garnets are plotted 
in Fig. 1. The magnetization for the different 
values of x is not given since the data are close 
together and inseparable. Fig. 2 is a plot of the 
results for mixed Pr—Y iron garnets. It is seen 
that the low temperature saturation magnetization 
increases somewhat with increased contents of 
praesodymium. This can be explained@®) by S$ 
and L being antiparallel for the ions in which the 


400 


TEMPERATURE ( °K ) 


Variation of the magnetic moment with temperature for samarium 


yttrium-iron garnets. 


metallic nickel. The measurements are subject to 
an error of + 2 per cent. 

No compensation temperatures were observed 
in the studied temperature interval. Our results 
for the samarium or yttrium-iron garnets and for 
the mixed samarium-—yttrium series are in fair 
agreement with the data published by Pav- 
THENET!7) and by CUNNINGHAM and ANDERSON"), 
It is only at the lowest temperature that our data 
are slightly larger than theirs. 


f shell is less than half full, in contradistinction 
with the heavy rare earths (Z > 64) in which 
L, S and J are all parallel. The spin of the Pr 
interacts with that of the iron in the [24(d)] site 
and is thus antiparallel to the net iron magnetiza- 
tion. However, the net magnetic moment J of the 
Pr ion is antiparallel to its spin and thus the net 
magnetization of the garnet is increased. This 
effect is more pronounced in Fig. 3 which is a plot 
of the result for mixed Nd-Y iron garnets. The low 
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temperature saturation magnetization increases 
with the increased Nd contents and reaches 13 
Bohr magnetons per formula as compared with 
about 10 Bohr magnetons for the YIG. The Curie 
temperature is 550 + 10°K as in all the other 
garnets studied in fair agreement with the value of 
545°K of GeL_Ler™® or 560°K of PAuTrHENeT“?) 
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result of a larger number of magnetic inter- 
actions, (20) 


Acknowledgements—The authors wish to thank Prof. 
E. H. Fret under whom this work was done. Thanks 
are also due to J. LipKIn who built the electronic 
counter used for the magnetic measurements. 


Pry Ye-x Feig O24 


400 500 


TEMPERATURE (°K) 


Fic. 2. 


Variation of the magnetic moment with the temperature for praeso- 


dymium and lanthanum-yttrium-iron garnets. 


and slightly lower than 570°K of CUNNINGHAM 
and ANDERSON’?), Within the of our 
measurements, it would be difficult to say whether 


accuracy 


the addition of a paramagnetic ion such as Sm or a 
little stronger paramagnetic ion such as Nd or Pr 
would have increased the Curie temperature as a 
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Abstract 


The characteristic modes of a thin slab magnetized in its plane are obtained in the mag- 


netostatic limit. It is found that the magnetostatic mode spectrum is bounded by the same frequency 
limits as for the spheroid. In the slab, however, the mode configuration clearly changes from a volume 
distribution to a surface wave as the frequency is increased above the extrapolated spin-wave region. 
In general, the characteristic functions are travelling waves which propagate along the slab trans- 
versely to the applied d.c. magnetic field. The mode distribution in wave-vector space is obtained for 
both the volume and surface modes, and the dependence of mode density on wavelength is discussed. 
The mode density variation shows that the volume modes connect smoothly to the spin-wave spec- 
trum of a medium of infinite extent. The surface modes also exist even at very short wavelengths, but 


become statistically less important as the wavelength decreases. 


I. INTRODUCTION 
THE RESONANT modes of ferromagnetic samples 
have been previously calculated in the magneto- 
static limit for spheres") and for spheroids with the 
applied d.c. magnetic field along the axis of re- 


volution.) It is of interest to determine similar 
solutions in other geometries. Since the character- 
istic modes of a thin slab magnetized in its plane 
permit fairly straight forward solutions, we have 
examined this geometry in some detail. Many pro- 
perties of the modes of this system are similar to 
those of the spheroidal solutions, and the simpler 
form of the results is of considerable assistance in 
obtaining an intuitive understanding of these 
modes. 

in particular, it has been noted that the mag- 
netostatic mode spectrum for a spheroid extends 


over a larger frequency range than the spectrum of 


the spin-wave approximation extrapolated to long 
wavelengths, ) but transition between these two 
mode types has been complicated by the difference 
in mathematical form of the solutions. 

The magnetostatic mode spectrum for a slab 
occupies the same band as the spectrum for a 
spheroid. In the case of the slab, however, the 
proper modes are plane waves for all wavelengths 


* This paper is a more detailed version of the work 
reported in brief form in J. Appl. Phys. 31, 104S (1960). 


and one can readily understand the connection 
between the magnetostatic mode spectrum, in 
which boundary conditions are introduced, and 
the spin-wave spectrum of the infinite medium. It 
is found that the magnetostatic modes, whose 
frequencies lie outside of the spin-wave manifold 
are surface waves, while those within the spin- 
wave manifold extend throughout the volume of 
the sample. The mode density spectrum is 
utilized to discuss further the relation between 
these magnetostatic modes and spin-waves. 

The problem of electromagnetic propagation in 
ferrite loaded transmission systems is of consider- 
able interest, and the mode spectrum of wave- 
guides containing ferrite slabs has been studied. “4? 
The magnetostatic modes of the ferrite slab in air 
are unperturbed by the introduction of conducting 
walls in certain locations. This leads to a connec- 
tion between the magnetostatic mode spectrum and 
the propagation characteristics, and indicates the 
nature of these modes from an alternative point of 


view. 


II. CHARACTERISTIC EQUATION 
The modes of oscillation to be derived are due 
to purely magnetostatic forces arising from the 
externally applied d.c. magnetic field and the 
dipolar fields of the sample magnetization. The 
conditions under which forces due to exchange 
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interaction and electromagnetic induction may be 
ignored have been discussed by WALKER’), 
Briefly, it is assumed that the characteristic 
distance for phase reversal of a magnetostatic 
mode is sufficiently long that exchange coupling is 
unimportant and yet is small compared to the 
wavelength for electromagnetic propagation in the 
medium. It is well known that this magnetostatic 
condition is valid over a considerable wavelength 
range. 

We follow WALKER’s approach and notation in 
setting up the characteristic equation for our 
problem. The procedure amounts to the simul- 
taneous solution of Maxwell’s equations and equa- 
tion of motion of the sample magnetization, 
consistent with the proper boundary conditions. 
limit, Maxwell's equations 


In the magnetostatic 


become 
VxH=0 (1.A) 
VxB=0 (1.B) 


The boundary conditions require the continuity of the 
normal component of B and the tangential component of 
H at the sample surface, and these fields must approach 
zero at large distances from the sample. 

Let the applied internal d.c. magnetic field, H,, lie in 
the z direction. The magnetization may be written 


M = Moiz+ mei 


where Mp is the saturation magnetization, iz is a unit 
vector in the z direction, and m is the r.f. part of the 
magnetization, assumed small compared with Mo and, 
therefore, lying in the x—y plane, since | M| is assumed to 
be constant. 

The magnetic field is 


H = Hii, + het 


where / is the r.f. part of the magnetic field and may 
have x, y, and z components. 

Equations (1.A) and (1.B) must be satisfied by the r.f 
as well as the d.c. components of H and M, and we 


therefore require 


Vxk=0 
V -(h+4nm) = 0 


Equation (2.A) permits the introduction of a magnetic 
potential, 4, such that A = Vy, and equation (2.B) 


becomes 


V2b+4rV -m = 0 (3) 


The motion of the magnetization, 


equation of 
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neglecting losses, is 


aM 
- = (Mx H) (4) 
at 


where y is the gyromagnetic ratio. Substituting for M 
and 4H and retaining only the linear terms in m and h, 
the equations of motion in component form become 


Ous 


47m, = 


, ous Cus 
4rmy = Ww +k 
Ox oy 


where 


4nMo 4iryMp 


am 


Substituting expressions (5) into equation (3), 


potential inside the sample must satisfy 


CRxpt Cyt 
(1+ «)|— a+ 


Ox oy" Cz° 


= (0 (6) 


O2ypt 
)» 


Outside the sample, where M = 0 and thus x 
Laplace’s equation must be satisfied. 


V2ue = 0 (7) 


The equations up to this point would apply to a 
sample of arbitrary shape having a uniform internal d.c. 
field. We now choose the particular geometry of a slab of 
thickness s (in the x-direction), with infinite lateral ex- 
tent and magnetized in its own plane (in the z-direction) 
(See Fig. 1). 

For this geometry the demagnetizing factor for the 
polarizing field vanishes, Nz = 0. Thus the internal 
field is equal to the applied d.c. field, Hi; Ho. 

The boundary condition on the normal component B 


requires that 


C api =. wt Oubé 
v = — (8) 
Ox cy Ox 


v +-$/2 


and the continuity of tangential H requires 


af # = 4 | + constant (9) 


x 


where the constant may be taken to be zero. 
It is appropriate to treat the problem in rectangular 
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Fic. 1. Coordinate system orientation. 


coordinates in which the potential is separable and may 
be written 


Ux, y, 2) = X(x)¥(y)Z(2) 


Taking Y‘ and Z as internal solutions and Y® and Z¢ 
as external solutions, the boundary equations (9) re- 
quires that Y' = Y* = Yand Z = Z¢ = Z. Thus the 


interior and exterior potentials may be written 
fi = XYZ 
ye = X°VZ 


Acceptable solutions will be simple exponential or sinu- 
soidal functions of x, y and z. Only sinusoidal functions 
with real arguments are admissible for Y and Z, since 
these functions should remain finite as y and z tend to 
+ 0. Outside the sample Laplace’s equation then re- 
quires that X¢ be an exponential function .Thus we take 


X¢ = c exp(—Réx), 


(10) 


=a exp(kix ), 


where k, is a positive, real number. 


Within the sample we take 


(11) 


Xi = asi (kx) + b cos(k'x) 


i , , 
where ke may be either real or imaginary. 
From equation (8) it is found that Y must be of the 
form 


exp( thyy) ( 1 2) 


and thus only travelling waves are admissible in the y- 
direction.* 
For Z, the choice of origin is arbitrary and we take 


Z = cos(kzz) (13) 


Substituting these functions in equations (6) and (7) 
yields the relations 


(14) 
(15) 


which will be used in discussing the mode spectrum. 

Substituting equations (10) and (11) in the boundary 
condition, equation (9), yields the relations between the 
coefficients of Xt and X®: 


(1+ x)(Ri2+k,)+h2 = 0 


ass kik; = 0 


* This situation is analogous to WALKER’s observa- 
tion?) that the azimuthal variation in the spheroid case 


must be e!™¢, 
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Substituting for ¥* and ¢ in equation (8), one finds 
from the boundary at +s/2 


—dvky = dké 


Solving each of these expressions for c/d and equating 
the results gives the characteristic equation 


(ko)? + 2k£k!(1+ x) cot(his) 


(R14 «2 —(rky)2=0 (18) 

Equation (18) together with equations (14) and 
(15) determines the mode spectrum consistent with 
the boundary conditions. For a fixed magnetic 
field, these equations may be considered as a set of 
three relations between the five variables «, 


kt, k’, ky, and kz; where w enters through the 
2z x Y> 2) g 


quantities « and v. Two of the variables may, 
therefore, be eliminated and the allowed modes 
will be found to lie on surfaces in the three- 
dimensional space represented by the remaining 
variables. Since the slab is of infinite extent in the 
y- and z-directions we expect that k, and k; will 
have continuous characteristic values and may be 
chosen arbitrarily. ‘Two types of representations of 
the allowed modes are of most interest. In one, the 
modes lie on surfaces in w, ky, kz-space and in the 
other, the surfaces are in k/, ky, k,-space. Solving 
for the surfaces in w, ky, kz-space one finds that 
they are described by the solution to the equation 


where 7 = k;/hky. 
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The surfaces in k', ky, kz-space are given by 
i 


k'k . 
(1 +2) —2|(1+-72)1/2 a cot(k's) 


ye 
kik? 72 /k\4 k2 
- |= “f } (14+ ~)=9 
kyke? kt} : R2QO4 


where k? = Rie +k? and k? = k'2+k?+k* 


These equations will be discussed in the follow- 


(20) 


ing two sections. 


Ill. MODE SPECTRUM AND MODE 
CONFIGURATION 


The characteristic equation, in the form of 
equation (19), determines the frequency spectrum 
as a function of k, and k;. Before discussing the 
detailed behavior of the solution, however, it is 
interesting to note some of the gross features that 
are determined by the restrictions imposed by 
equations (14) and (15) alone. Note that these ex- 
pressions are quite general and do not depend on 
boundary conditions. For example, if all k’s are 
real,* equation (14) is equivalent to the spin-wave 
dispersion relation extrapolated to long wave- 
lengths obtained in an infinite medium. This is 
easily shown since 

(ki2+k,) (ki2+ki me k’) = sin26 


where @ is the angle of propagation of the spin- 
wave relative to the magnetic field direction and 
by substituting this in equation (14) along with the 
expression for «, we obtain 


02 = 22 (21) 
independent of sample shape or dimensions. Also 
from equation (14) we see that all components of 
the wave vector within the sample can be real only 
at frequencies for which (1+ «) is negative. The 
dependence of (1+) and v on frequency is shown 
in Fig. 2. It is seen that the region of negative 
(1+ «) extends from Q = Qy toQ = (Q7,+Qn), 
which is the frequency range of the extrapolated 
spin-wave band. Any allowed modes in our 
problem which lie outside of this range must, 


therefore, have k‘ imaginary, corresponding to 


+ Qxy sin2@ 


* We recall that k), is the only wave-vector component 
that may be either real or imaginary in our present 
problem. 
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Fic. 2. Dependence of (1+) and v on frequency 
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Magnetostatic mode spectrum of a ferromagnetic slab magnetized in its 
plane 
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exponential rather than sinusoidal dependence 
on x. 

In Fig. 3 we have sketched the surfaces in Q, ky, 
k,-space which are the solutions to equation (19). 
Only one quadrant of the Q ky, k; variables is 
shown but the surfaces extend into the other 
quadrants by simple reflections through the Q, 
k,- and Q, k,-planes. There is an infinite number of 
these curved surfaces which lie between Q = Qy 
and Q=(QF + On), the density increasing as one 
approaches Q = (Q7+Qy,)'/?, and there is one 
surface which emerges above 2 = (OF, + Qn)! 2 
reaching Q = (Qq+1/2) as its highest frequency. 
Any point on these surfaces corresponds to an ad- 
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within this range must have all real wave-vector 
components. 

We will consider two regions of the mode spec- 
trum separately; first, for (1+«) < 0, all wave- 
vector components are real corresponding to 
volume modes and, second, for (1+ «) > 0, k' is 
imaginary resulting in surface modes. 


(a) Volume modes, (1+) <0 

The characteristic frequencies for the special case 
ky, = 0, (yn = ©), are shown in Fig. 4. In this case 
equation (19) reduces to 
(22) 


2 cot[x/Rz|s] = «—I1/x 


(—1/1 + x)t/2, 


where ~ 


it 





Ms 
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mode 
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spectrum of a ferro- 


magnetic slab magnetized in its plane for ky = 0. 


missible solution to the problem and carries with 


it a specific value of k’ and k* which can be found 
by substitution of Q, k, and k, into equations (14) 
and (15). 


In this representation it is convenient to con- 


sider the intersection of this array of surfaces with 
a plane which includes the Q-axis and is at an 
angle ¢ = tan-!y (n = k,/ky) to the Q, k,-plane. 
For a given value of 7 the multiplicity of surfaces 
is confined between the frequencies 

[Q24(Q7/14+7?)})? and Q = (Q7+Qn)! 2° with 
the exception of the surface above 
(Q5+2n) 2, Again, this is just the range per- 
mitted by equation (14) for a given k,/ky when all 
wave-vector components are real (volume modes) 
and, in fact, it may be shown that any solution 


one 


At a fixed frequency, 22, the value of x is determined 
and the multiple roots of equation (22) are equally spaced 
in kz, as is evident in Fig. 4.* 

It is of interest to consider some of the mode con- 
figurations corresponding to various points on the curves 
of Fig. 4. From equations (14) and (15) we find that 
when ky, 0, kx = hk, = k.(—1/1+x«). There 


is actually rather little variation of k‘ along a given curve 


and R;iz 


such as (a), (b), or (c), etc., since the frequency de- 
pendence of 1+ almost cancels the effect of changing 
kz. Onany given curve k changes by only z/s as kz goes 
from 0 to ©. The point on curve (a) at kz = O corre- 
sponds to the uniform mode for the slab. As kz is 


* This figure is drawn for Qy 1 because in this 
limit equation (22) becomes independent of Qy (and 
therefore of Ho and Mo). Fig. 4 is approximately correct 
even for Qy w 1 (i.e. Ho » Mo), since as Qy becomes 
large, (Qg+Qy)!/2 > (Q4+0°5), while 

tin = I, (Q74+ Qn)! 2= 4/(2) = Qy+0°414 


even for 
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(a) Magnetic potential X(x) as a function of kz along curve 


(a) of Fig. 4. (b) X(x) vs. kz along curve (b) of Fig. 4. (c) X(x) vs. kz 
along curve (c) of Fig. 4. 


increased and one moves along this curve, the x-varia- 
tion of the mode pattern changes as shown in Fig. 5(a) 

The x-variation of the mode patterns for points along 
curves (b) and (c) of Fig. 4 are similarly shown in Figs. 
5(b) and 5(c). 

It is seen that all these modes for which ky = 0, have 
equal amplitude at the two surfaces of the slab. 

It may also be noted that the infinite set of modes at 
ky = 0, kz: = 0, Q = (Q7+Qy)!/ is a complete set of 
spatial harmonics so far as variation in the x-direction 
is concerned. Thus it is possible to have configurations 
for which there is no variation in the y- and z-direction 
but which are quite arbitrary in the x-direction within 
the slab. These modes have no r.f. fields outside the 
slab. Such modes may be understood intuitively, since it 
is known that for the ordinary uniform mode for a thin 
slab, no r.f. field extends outside of the sample and 
therefore other slabs having uniform modes of arbitrary 


phase and amplitude may be added to it without inter- 
action to represent a mode of arbitrary x-variation. 
KitTrEL®), for example, has shown that the resonant 
frequency of a transversely magnetized conducting ferro- 
magnetic sheet is w = y[BH]!/2, or Q = (Q_g+Qy)!/, 
just as in an insulating sheet, even though the phase 
varies and the amplitude falls off exponentially from the 
surface. This variation arises, of course, from the driving 
field configuration due to skin depth phenomena. 

The more general case, i.e. ky ~ 0, in the region of all 
real wave-vector components (1+« <0), has two im- 
portant features. First, the mode amplitude at the two 
surfaces of the slab is not equal, and second, the entire 
pattern travels in the y-direction with phase velocity 
w/ky. In the x-direction the mode patterns are standing, 
sinusoidal waves as before, but the spatial phase varies 
with 7, leading, in general, to unequal amplitudes at the 
two surfaces. Both signs of ky are permitted, but at a 
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given frequency reversal of the sign of ky reverses the 
propagation direction and also reflects the mode pattern 
through the plane x = 0 at the center of the slab. The 
result is the same as if the slab were rotated 180°C about 
the z-axis. Since these two modes are degenerate in 
frequency, they may be combined to form two new 
modes, but in each of these combination modes the 
configuration propagates in opposite directions on the 
two sides of the slab. Thus these combination modes 
cannot be described by separable characteristic functions. 
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gives rise to the surface shown in Fig. 3 which emerges 
from the manifold of volume mode surfaces at 7 = 
(1/Q”)!/2 and Q = (Q%4+Q4)!/2, and which has 
Q = (Qy+1/2) as its maximum frequency. Points on 
this characteristic surface give rise to surface modes; 
since kis imaginary for (1+«)>0, the mode ampli- 
tudes are maximum at the surfaces of the slab and are 
attenuated toward the interior. Furthermore, it may be 
shown that there are no other solutions of equation (19) 
than those already discussed. 
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Fic. 6. Mode configuration for short wavelength surface waves 
with k, = 0. 
(a) Transverse magnetization. 
(b) Transverse magnetic fields. 


(b) Surface modes, (1+«)>0 

On examination of equation (19) it is found that if 
In| <(1/Qy)!/2 the equation has a root lying outside of 
the frequency range of the volume modes.* This root 





* For examination of this root the argument of the cot 
term of equation (19) is imaginary and it is convenient to 
rewrite equation (19) in terms of real quantities as: 

ve ‘1+7?%+« 1/2 
(1+ 9?)+2)(1-+92)1|(———— 
. l+kK 
1+ 7” + «\1/ 
x (1+ «) coth s(— -—— 
l+« 


Consider first the surface wave solutions for which 
kz = 0. From equations (14) and (15) these solutions 
must have k, = |ky| and ki = +iky, corresponding to 
mode configurations which are sinusoidal waves in the 
y-direction travelling with phase velocity w/ky, and are 
attenuated in a characteristic length 1/|ky| as one goes 
from the surface of the slab toward either interior or 
exterior. As |ky| increases these modes therefore cling 
more closely to the surface of the slab. 

From equation (19) the dependence of the frequency 
of these mdoes on ky (i.e. for kz = 0) is found to be 


Q2 = Q7t+Qe4+ [242 coth(|Ry|s)]-1 (23) 
The long wavelength limit, ky = 0, occurs at 2? = 
Q3,+QnH and the mode configuration approaches that 
of the uniform mode for a slab. At very short wave- 
lengths the frequency approaches 2 = (Qy+1/2) as 
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might be expected since the magnetization configuration 
becomes similar to that of a parallel array of axially 
magnetized cylinders. The configuration of the trans- 
verse magnetization and magnetic fields for this case are 
shown in Fig. 6. With reversal of the direction of pro- 
pagation, the maximum amplitude shifts to the opposite 
surface of the slab 

The surface modes for kz + 
surface of the slab even more tightly for a given k,, and 
(1/Q4)"/2, the decay constant of the surface waves 
7 for sur- 


0 (i.e. 7 0) cling to the 
at 7] 
becomes infinite. This is the limiting value of 
face modes and further increase of 7 yields solutions with 
volume mode character of infinite wave-vector 
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metry which led to equivalent modes with +ky. This 
removes the degeneracy of modes of opposite ky, and 
propagation occurs in only one direction at a given 
frequency. This result corresponds to the Ferrite—Air II 
modes of FLETCHER and SEIDEL"), which are obtained by 
considering sections of the surface wave sheet in the 
ky-k--Q diagram (Fig. 3) at planes of kzz9 = mz, and 
restricting ky, to values k, <0. Although we consider 
only the magnetostatic limit, the spectrum thus includes 
some of the same modes found in a complete treatment 
of the ferrite-loaded waveguide. We of course do not 
find those modes which depend explicitly on propagation 
effects, viz. the FA—1 and F—M modes of FLETCHER and 
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Sketch of characteristic surfaces in k-space for 


volume modes of a slab. Only one surface is shown, but a 


periodic set of surfaces with similar form exists 
and k,;-k, planes are shown for 


intercepts in the k,-k; 


The 


other surfaces. 


\ connection of the magnetostatic mode spectrum to 
the modes obtained in ferrite-loaded waveguides might 
be noted. If two conducting walls are placed parallel to 
the x—y plane, spaced a distance zo apart, the mode 
spectrum will be that obtained in this 
analysis, except that the additional condition cos kzz0 


must be satisfied. A conducting wall 


identical to 


+1, or kzz0 m7, 
in the y—z plane, on the other hand, destroys the sym- 


combinations of degenerate surface waves 


to form modes which are essentially 


* Linear 
may also be made 


propagating around the slab, i.e. in opposite directions 


at the two surfaces 


Certain waveguide modes occurring for 


0 have been discussed by SEIDEL"), who found 


SEIDEL. 
(1+ «) 


that propagation occurs with real values of kz, but the 
mode configuration differs because of the conducting 


boundaries. 


IV. MODE DISTRIBUTION IN WAVE-VECTOR 
SPACE 

‘Two equivalent representations of the charac- 

teristic modes were indicated in Section II, equa- 

tions (19) and (20). For the 

characteristic equation (20), expressed in terms of 


some purposes, 
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wave-vector components, is the most useful. ‘This 
representation of the modes will later be used in 
discussing the mode density. In this section, we 
will consider the form of the solutions of equation 
(20). As in the preceding section, two cases must 
be considered since kt may be either real or 
imaginary; k, and k; are always real. For real kt 
there is a multiplicity of solutions due to the 
second term in equation (20), while only a single 
solution is obtained for imaginary values of k'. 


Fic. 8. Sketch of characteristic 


modes of a slab. 


surface can be obtained by 


OF A 


FERROMAGNET SLAB 
Q2 = O7,+Qxy. As the frequency, and thus @, is de- 
creased, the constant-frequency-cone intercepts a 
multiplicity of sheets, but the spacing of the intercepts 
increases. As Q — Qy, the frequency-cone intercepts 
the characteristic surfaces only for very large values of 
n(ky 0) and large values of kz. At a given angle 7, 
intercepts with the plane 7 = constant are obtained for 
all frequency-cones with > tan-!y, corresponding to 
the minimum frequency 2,2 = Q7+QnH(n?/1+7?) at 
which roots were obtained in Section 3. 

The characteristic surfaces are warped, for values of 


ki +k: NG 


k,. As ki +k: becomes large, however, the 


§) ARBITRARY 


surface in k-space for surface 


Only one octant is shown, but the remainder of the 
reflection in the coordinate planes. 


Loci of specific frequencies are shown as obtained from equation (14). 


Consider first the volume modes, for which &’, is real. 
The characteristic surfaces determined by equation (20) 
for this case are sketched for reference in Fig. 7. Only 
one of the characteristic surfaces is shown in the figure, 
but surfaces corresponding to other solutions of equation 
(20) are indicated by their intercepts in the k/—kz and 
ki-ky planes. 

The connection with the previous representation in 
ky-kz-Q space can be made by considering the intercept 
of these surfaces with the surfaces of constant frequency. 
From equation (14), surfaces of constant frequency are 
cones of revolution about the z-axis, with semi-apex 
angle 


Thus the k,-k, plane, 8 = 7/2, corresponds to frequency 


x 


surfaces approach equally spaced, parallel planes occur- 
Ris eS aa 


Imposition of periodic boundary conditions in y and 2 


ring at the poles of cot k;s, i.e. = nn(n = 0, 
would, of course, result in a rectangular array of mode 
points in these planes. 

The intercepts of these surfaces with the k’—kz plane 
take the form 


2 cot kts 
Zz 


This yields a series of simple curves each varying from 
kis = nm to (n+1)z7 as the ratio kz/k;, varies from 0 to oo. 
All 


curves are of similar shape with the exception of that 


The zeroes of cot kis occur on the line ki = kz. 
near the origin which differs slightly because of the 


limiting value of this expression as k! -> 0. The variation 
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by &, 
180° in the x-variation of the magnetization shown in 
Fig. 5 as the frequency changes from 2 = 1/(Q_7+Qu) 


= 7 on each curve corresponds to the increase by 


to Q = Quy. 

To obtain the behavior near the k}—ky plane, consider 
the limit of equation (20) as kz — 0. With the exception 
of the k,-axis on which there is no solution, this has a 
root at each pole of cot ks for kz = 0 independent of ky. 
As kz is increased slightly, the surfaces bend toward 
smaller k!, and for ky - k' there is a rapid shift of 7 in 
the value of kis. At larger values of ky, a change in k;, also 
occurs as 7 increases, but the variation is less than that 
obtained near the &} axis. 

For imaginary k‘, corresponding to the frequency 
range (Q,7+Q4)!/2 Q2 Qy+1/2, the solution of 
equation (20) yields a single surface in k-space.* One 
octant of the surface represented by this expression is 
sketched in Fig. 8 where the k-space axes are ik), ky, and 
kz. In this k-space surfaces of constant frequency are 
cones of elliptical cross-section whose axes are either the 
ik!- or the ky-axis depending on the frequency. Several 
of these surfaces are indicated in Fig. 8 for specific 
frequencies. 

As indicated in Fig. 8, the characteristic surface inter- 
sects the ik',—k, plane along the ik}-axis and along the 
ky. In general, the plane ki, = 0 corresponds 
(Q7+02y)!/2 and thus points 


line 2k’, 
to the frequency 
along the ik‘ axis correspond to the point in k,-k,-Q 
02 (Q_+Qy)! 2. Along 


ky, however, the frequency is arbitrary 


space where ky O,R 0, 
the line zk 
since all constant frequency surfaces include this line. 
The frequency on the characteristic surface near this line 
may be found by determining which constant frequency 
surface it approximates as this line is approached. Since 
the line 1k, = ky 
ky-k--Q 
ky-{ 


Q 
(324 


corresponds to the intercept in 
with the 


to vary from 


space of the characteristic surface 
) plane, we expect the frequency 


2 to (Qy+1 


k, from the origin. Indeed, for very small 2k’, and ky the 


+0Qy)} 2) as we move out along 7k’ 


* It is convenient to express the characteristic equa- 
tion in terms of real variables, which we do by replacing 
ki by real. We 


obtain 


—(ik,.)? in equation (2) where ik’, is 


ky (tk') 
1+ 


(1k - \ky 


coth(ik §)s + 


(2) 
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characteristic surface of Fig. 8, is approximated by the 
plane kz = 0, corresponding to Q = (Q,+Qy)!/”. 
(This region of the characteristic surface is not indicated 
in Fig. 8.) For large ky the characteristic equation is 
approximated by kz/[kj—(ik})?] = —1/(1+4Qy) which 
is the equation for the constant frequency surface for 
which 2 = (Qy+1/2). 


V. MODE DENSITY 

It has been indicated earlier that the spin-wave 
spectrum of an infinite medium in the exchange- 
free range of wavelength has an upper bound at a 
frequency 0? = OF+0Qy%. The 
mode spectrum, on the other hand, extends to 
Q = Qy+1/2 although the form of the solution 
changes at the spin-wave limit. It is of some im- 
portance to understand the connection between 
these two approximations, since the mode spec- 


magnetostatic 


trum plays an important role in the theory of re- 
sonance line-widths and relaxation effects.) The 
density of modes as a function of frequency and 
wave-vector is of particular interest because this 
quantity enters directly into calculations of the 
scattering of spin excitation. ‘The mode density also 
provides a convenient means for comparing the 
magnetostatic and spin-wave approximations. 

We first obtain an expression for the density of 
spin-wave modes in the exchange-free region. For 
the usual assumption of periodic boundary con- 
ditions, the spin-wave modes are uniformly 
distributed with density C, modes per unit volume 
of k-space. In this case the number of modes of 
wave-vector with magnitude k and propagating at 
an angle @ to the internal magnetic field is pro- 
portional to the volume in k-space, 


dNy = 2Cy2zrk? sin 0 dkdé (24) 


Combining this with the spin-wave dispersion 
relation, equation (21), we obtain the frequency 
dependence, 

Q dQ 


dN, = C,4rk2 dk 
Ox cos 6 


Cy4rk? dk 


(25) 
Note that the dependence on Q and on k are separ- 
able, and we may write dN, = Cy4ck? dkpy (Q) dQ. 


The density becomes infinite at the top of the 
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band, and decreases monotonically with frequency 
to the bottom of the band, Q = Qy. It is interest- 
ing that the mode density does not vanish at 
Q = Qy, although equation (24) implies zero 
density at @ = 0. The explanation is in the spin- 
wave dispersion relation, which leads to a variation 
of frequency with propagation angle for small 6 
which is sufficiently slow to overcome the zero of 
sin 0. 

If the periodic boundary condition is removed 
in the y- and z-directions, the exchange-free spin- 
wave modes would fill planes of constant k, with 
periodicity kzs = 7, just as found in the limit of 
large ke +k for the magnetostatic modes.* It is 
thus clear that no distinction can be made be- 
tween spin-waves and the volume modes obtained 
in this analysis, and the principal effect of the 
boundary conditions is to shift the mode distribu- 
ion slightly for ks < kz. Thus the mode density 
function for spin-waves is approximately correct 
for the magnetostatic modes, and becomes exact at 
sufficiently short surface wavelengths. 

For modes in the region 1+«> 0, the density 
could also be obtained from the representation in 
ik,-ky-k, coordinates, but it is more convenient 
to use the representation of Section 3 in terms of 
ky-k,-Q. Again, taking the limit of periodic 
boundary conditions, it is assumed that the mode 
distribution is uniform on the k,-k; plane of Fig. 3, 
with density of Cs; modes per unit area. The 
number of modes per unit frequency interval in 
the range (Q2 + Quy)? < Q < (Qg+1/2) is then 
proportional to the slope dtan~!y/dQ of the 
characteristic surface. Although this slope is a 
function of wavelength for small values of ky, at 
sufficiently large k, the characteristic equation (19) 
is independent of wavelength and the frequency is 
a function only of ». Thus the surface mode 
density can be written, 

n-! 


d tan-!n 
aN; = 4Csks a dksdQ 


d 


(26) 


In this limit equation (19) becomes 
[+9224 (1+ x) (1492+ x)! 2] 4 v = 0 
(27) 





* Since the combination kit+k: will be used consider- 
ably in this section, it is convenient to define a “‘surface 
wave-vector” k? = ki +ki. 
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The choice of sign in equation (27) corresponds to 
the two directions of propagation on opposite sides 
of the slab. Substituting for « and v in terms of Q 
and Q y, and differentiating the resultant expression 
for Q, we obtain 


dQ/d tan ly = (1 +7") aQ dy 


OH» 


From equation (27) the terms in y and (1+7?)!/2 
can be expressed as a function of frequency and the 
mode density of equation (26) becomes 


dN; = AC sksQy{2(Q?-—Q7,) —Quy 
— 2Q[02 — O74(Qy4+ 1)}! 
x [Q2? = Qy(Qy i 1)] 1/2 dkd@Q 


(29) 


aN, = 4C ae dksps(Q2) aQ. 


Obviously, this function has a pole at 0? = 
a5 + Oy from the second term in the denominator. 
The first term also yields a pole at Q = Qy+1/2. 
This latter result differs from previous estimates of 
mode density in this region, in which the mode 
density was expected to vanish at the upper 
frequency limit. 

The frequency dependence of the density func- 
tions p,(Q) and ps(2) are sketched in Fig. 9. Note 
that these functions exhibit a different dependence 
on the wave-vector components. Both the surface 
and volume mode density tend to increase with 
wave-vector, however, but the volume modes 
increase as k? while the surface modes increase 
only linearly with ks. ‘Thus the modes lying above 
the frequency Q = (Q7+ Qy)'/? become statistic- 
ally unimportant at sufficiently short wavelengths, 
while the modes below Q = (Q? + Q7)!/2 connect 
smoothly to the mode spectrum of spin-waves in an 
infinite medium. 


VI. DISCUSSION 
The geometry treated here is one to which 
previous analyses of magnetostatic modes are not 
applicable, and this investigation thus extends the 
analytical results to a new, yet common, sample 
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Py (ny 
(Q) 


Frequency dependence of the mode density 


Fic. 9. 
functions. 
(a) Volume modes 


(b) Surface modes 
configuration. The results obtained here are re- 
lated to the problem of propagation in 
loaded waveguide, but experiments designed to 


ferrite- 


measure propagation effects usually do not satisfy 
the assumptions of this analysis, and more direct 
experiments are required. 

DILLON has observed magnetostatic modes in 
discs cut from single crystals of manganese ferrite 
and yttrium iron garnet,?) with the applied d.c. 
field both in the plane of the disc and also normal 
to it. Recently, Ropricue has observed magneto- 
static modes in rectangular polycrystalline slabs. ®) 
In all these cases the observed mode spacings and 


intensities appeared to follow regular series. The 


general features of these modes, such as the region 
of d.c. field in which they were observed and their 
dependence on sample magnetization, are in agree- 
ment with magnetostatic mode theory. It appears 
most likely that the observed modes are series 
which have the least permissible variation through 
the slab thickness but have different numbers of 
loops and nodes over the transverse slab dimen- 
results with the 


sions. Thus to correlate these 
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theory presented here would require introduction 
of definite boundaries in the y—z plane. Approxi- 
mate solutions should be relatively easy to obtain 
from our results for the case of the thin rectangular 
slab, but this has not yet been carried out. 

In the slab geometry, a clear distinction is found 
between volume and surface modes, and the mode 
density spectrum in the surface mode region 
differs from previous results in spheres. The de- 
pendence of the density spectrum on sample 
shape is not known in detail, but our result arises 
basically from the symmetry of the characteristic 
surfaces in k, and other geometries should have 
similar symmetry properties; thus it appears likely 
that a pole of mode density should exist at 
Q = Qy+1/2 for other sample shapes, although 
the detailed density spectrum might be quite 
different. Since resonance line-width and other 
resonance parameters depend on the details of the 
mode density spectrum and its wavelength de- 
pendence, experiments on samples of this con- 
figuration may lead to better understanding of the 
role of these modes in resonance phenomena. 
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Abstract—Preliminary work on cyclotron resonance in bismuth reported earlier(?) has been ex- 
tended in order to check the detailed form proposed for the electron energy band, and to look for 
evidence of resonances from the holes. At high fields (H > 2000 G), the surface resistance, R, is 
found to pass through a minimum, and then to increase with H. This departure from the mono- 
tonically decreasing form expected from the theory of AzBEL’ and KaNeER can be explained by the 
circumstance that at high fields, the radii of the electron orbits become comparable with, and 
eventually smaller than the skin depth, and this brings about a change from the anomalous, to the 
classical skin effect regime. Values of the zero field surface resistance support the view that the Fermi 
surface consists of three electron ellipsoids and a single hole spheroid. 


1. INTRODUCTION 

AzBEL’ and KANeErR") first predicted that the 
surface impedance of a metal under anomalous 
skin effect conditions should vary periodically 
with the reciprocal of the magnetic field strength 
when the field is applied parallel to the specimen 
surface. This prediction was confirmed by 
AUBREY and CHAMBERS”) (hereinafter referred to 
as I) working on bismuth and the present paper 
describes an extension of the work reported in I, 
using the same frequency (about 9 kMc/sec), and 
the same experimental technique (measurement 
of the QO of a resonator consisting of a single- 
crystal rod of bismuth, about one half-wavelength 
long, in a coaxial shield). ‘The aim of the present 
work was to check some of the details of the 
electron energy band structure (Sections 2 and 3), 
to look for evidence of resonances from the holes 
(Section 4), to account for the behaviour of the 
surface resistance at high fields (Section 6) and to 
estimate the total area of the Fermi surface in 
bismuth (Section 7). 

For the case of a single quadratic electron 
energy band, AzpeL’ and KaNner found the 
following approximate expression for the surface 


impedance, Z = R+1X, 


Z ~ Z(0)[1— exp(—2z1x) exp (—27x/wr)]!/3 
(1) 
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where Z(0) is the zero-field impedance and 
x = w/e = wom*/eH. Fig. 1 illustrates the kind 
of dependance of surface resistance, R, upon x 
which equation (1) implies, where w7 has been 














log x 
part R, of Z 


assuming 


Plot of the real equation (1)] 
against logiox, for w7 27, 


Z(0) = R(0)\(1+ V3 1). 


Fic. 1. 


given the particular value 27. ‘Thus by plotting an 
experimental curve of R H-, and 
measuring the period, A(H~"), of the oscillations, 
the effective mass m* of the electrons can in 
principle be found. In the work to be described, 


against 





it was frequently difficult to measure the period, 
A(H-), either because the value of «7 was too low, 
or because several sets of oscillations from groups 
of carriers with different effective mass values were 
superimposed. In such cases, the most prominent 
feature of the curves of resistance against field, 
namely, the first resistance maximum, was used to 
calculate the effective mass of the carriers using 


the relation (Fig. 1), 


m* 0-7 eH/w. 


Although the field H at which the first maximum 
occurs depends only slightly on the precise value 
of wz, this equation nevertheless gives only a 
rough estimate of the effective mass since the phase 
of the oscillations is often different from that pre- 
dicted by the theory of AzBEL’ and Kaner®), 
Moreover the position of the first maximum is 
more liable to perturbation by other groups of 
carriers than is the following minimum which is 
the first true “‘resonance’’); despite this we pre- 
ferred to use the position of the maximum since the 
position of the minimum was often somewhat ill- 
defined. No details of the band structure are deter- 
mined however from the effective mass values 
found in this way, which may in fact be in error 
by up to 30 per cent. 
The e«-k relation for one of the groups of 
conduction electrons in bismuth has the form") 
2moe/h? = ake + aks + agh? + 2ashkoks (3) 
where the energy is measured from the minimum 
in the conduction band and the components of k 
are measured from the point in k-space where the 
energy minimum occurs, k;, ke, and kg being 
parallel to diad, bisectrix and triad axes re- 
spectively. The symmetry elements of the re- 
ciprocal lattice demand that there be three} 
equivalent ellipsoids of the form (3) arranged at 
intervals of 27/3 about the triad axis, and if we call 
(3) ellipsoid I, the equations of the other two, 
which we shall label II and III, may be obtained 
from (3) by rotating the co-ordinate system by 
+ 27/3, respectively, about the &g axis. 


+ It will be seen in Section 7 that the minima in the 
conduction band occur at the Brillouin zone boundary. 
If this were not the case, each of the three ellipsoids 
would be duplicated by the inversion symmetry of the 
reciprocal lattice. 
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The general expression for the effective masst 
of the electrons belonging to ellipsoid I for a direc- 
tion of magnetic field specified by the direction 


cosines A, As, Ag has the form 


(mo m, )? = AF(x2%3- 14) 


— 2dodrgny%4 +A? x1.43 + Nara. (4) 


and similar expressions can easily be found which 
give m* and a as functions of orientation. It 
will be convenient to list the expressions for the 
effective mass values of the electrons belonging 
to all three ellipsoids when the magnetic field is 
directed along the simple crystallographic direc- 
tions, (Ay = LL Ag = A3 == 0), (Ag = i. A3 = Ay = 
0), (Ag = 1, Ar = Ag = 0) which will be referred 
to respectively as the 2,, 2,, and 3, orientations. 


I 


These are as follows, 


2, orientation: 


orientation: 


mo 


1/2 


(x1%3) 
2mo 


> 


[3(a2%3— x") 7 a1%3 |! . 


= mo 
a” \1/2_ (9) 


(aj22)1/2 


We now review briefly the central result arrived 
at in the work reported in I. Fig. 2 shows a curve 
of surface resistance against magnetic field for a 
2, specimen, taken from I, but plotted in a some- 
what different way. The two groups of oscillations 
correspond to the two effective mass values (5) 





t The effective mass which is meant here is the 
‘‘cyclotron mass’’ applicable in equation (1), and is given 
by f?/27 dW /de where # is an area of cross section of 
the Fermi surface cut by a plane normal to the direction 
of the magnetic field. 
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and (6), and from the value m,; = 0-11 mo deduced 
from the period of set I, the quantity «2%3 — an was 
found to be of the order 100. When this was taken 
in conjunction with SHOENBERG’s values of the 
products a«; (¢ = 2, 3, 4), the following set of 
x’s was found which differs somewhat from the 
set deduced originally by SHOENBERG™: 


x3 = 100, (10) 





Fic. 2. Surface resistance of a 2, specimen plotted against 
logio(H~!), showing two sets of oscillations marked 
I and II, III. 


The following sections describe some additional 
work which has necessitated a slight revision of 
the set of values (10). 


2. INVESTIGATION OF THE PRINCIPAL ORIEN- 
TATIONS IN BISMUTH 

(i) The 2, orientation 

Since m* falls very rapidly from the peak value 
(5) as one departs from this orientation, and since 
the value found in I was less than half the value 
():25 mo predicted by Shoenberg’s set of «’s, it was 
thought necessary to investigate orientations in the 
neighbourhood of 2, carefully to see whether the 
value observed was indeed the peak value. A single 
specimen was used whose axis was within a few 


+ SmirH") has shown that «4 is positive. 
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degrees of 2,, and provision was made for tilting 
the magnetic field away from the (vertical) 
specimen axis. ‘This was achieved by providing a 
pair of coils, one on either side of the main 
solenoid, so as to form a rough Helmholtz pair 
which contributed a variable horizontal com- 
ponent to the magnetic field at the specimen, the 
whole coil assembly being mounted on a turn- 
table so that the resultant field could be made to 
lie along any direction within a cone of angle 
about §°.t 

These experiments indicated that the value 
found in I needed little correction, the final esti- 
mate being 


m* = 0-119 + 0-003 mo 
From equation (5) we therefore have that 


Zeng — ae as JUS b+ +-4 


(11) 


Since the two sets of resistance oscillations in 
Fig. 2 are well resolved, the period of the low- 
field oscillations and the corresponding m* can 
also be determined fairly accurately, and since 
the quantity 1943 — 4 is already known, «%3 can 
be determined using equation (6); from the 
effective mass, 


m* = 0-0090 + 0-0002 mo 


we find 


16400 + 820 (12) 


%1%3 


As was mentioned in I, both sets of oscillations at 
this orientation have a phase shift of approximately 
m/2 towards lower fields. 


(ii) The 2, orientation 

Figure 3 shows a surface resistance curve for a 
specimen of this orientation, and maxima can be 
seen to occur at the fields 


676, 135, 68 and 26G 


According to the three ellipsoid scheme for the 
conduction band, the effective mass of the electrons 


t According to AzBEL’ and Kaner"), the angle be- 
tween H and the surface of the specimen must be less 
than 4//, where 3 is an effective skin depth given by 
R/27w, and / is the mean free path. For bismuth, this 
angle is typically of the order of several degrees, con- 
siderably larger than for a good metallic conductor. 
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belonging to ellipsoid I has the value (7) and the 
electrons belonging to the other two ellipsoids have 
the degenerate mass value (8) at this orientation. If 
the values (11) and (12) are substituted into these 
expressions, the effective mass values are found 
to be 0-0156 mo and 0-0078 mo, and if equation (2) 


is now assumed to be valid, the first resistance 


maxima corresponding to these masses should 


occur at the fields 72 and 36 G. It seems plausible 


therefore to identify the two low-field resistance 


we 














resistance of a specimen plotted 
1). The inset is a plot of the high field 


W ith 


Fic. 3 


against logio(H 


Surtace 


region on an enlarged ordinate scale unchanged 


abscissa. 


peaks as the first maxima of the two electron re- 


sonance patterns, the agreement between the 
observed and expected values of the fields being as 
good as Can be expected since the possibility of a 
phase shift has not been taken into account, and 
also the overlapping of two resonance patterns 
leads to a further displacement of the maxima [see 
Fig. 7 of Ref. (3)]. 

The maxima found at higher fields (676 and 
135 G) cannot readily be explained by the three 
ellipsoid model of the electron band. Interpreted 
as the first maxima of two separate sets of oscilla- 
tions, they correspond to effective masses of the 
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order 0-15 and 0-03 mo respectively, and it is 
conjectured that they are hole resonances (see 
Section 4). 
(111) The 3, orientation 

The effective mass of the electrons is triply de- 
generate at this orientation but because each of the 
three ellipsoids is tilted out of the trigonal plane, 
the individual m*’s do not pass through turning 
values at this orientation. A small tilt of the field 








Fic. 4. Surface resistance of a 


against logio(H 


away from the triad axis can therefore lead to an 
increase or a decrease of the individual m*’s, and 
because of the great elongation of the ellipsoids, 
the change of m* with angle of tilt is very rapid. 

In order to align the field accurately along the 
triad axis, the field-tilting technique used in the 
study of the 2, orientation was used. A specimen 
was chosen whose triad axis was within 2° of the 
specimen axis and the direction of the field was 
adjusted until the curve of resistance against 
field showed the best coincidence of the individual 
resonance patterns. Such a curve is shown in 
Fig. 4, the resonance behaviour taking place 
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between 500 and 50 G; when H is misaligned, the 
main peak in the figure rapidly splits into separate 
peaks. Since the oscillations in R are not periodic 
in H-1, we can make only a rough estimate of the 
electron effective mass from the position of this 
main peak, and using equation (2) we find, 


m* = (0-06 mo. 


This is quite close to the value 0-055 mo expected 
from the of conduction band parameters 
finally arrived at in Section 5 [equations (9) and 
(14)]. The departure of the oscillations in Fig. 4 
from periodicity in H~! is believed to be due to 
the occurrence of a resonance from a group of 
holes with effective mass comparable to that of the 
electrons at this orientation (see Section 4). 


set 
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degrees 
Fic. 5. Variation of the electron effective mass wrth 
orientation in the trigonal plane. The curve is a plot of 
equation (13), using the values (11) and (12), the abscissa 
being cos~!Ag. Nine of the experimental points were 
obtained from three specimens of intermediate orienta- 
tions and the remaining four from 2, and 2, specimens. 


3. INTERMEDIATE ORIENTATIONS IN THE 


TRIGONAL PLANE 
The relation 


On 


(mo/m*)2 = AF(a243— a4) + ra143 (13) 
gives the dependence of m* upon orientation in 
the trigonal plane (As = 0) for ellipsoid I, and 
similar expressions hold for ellipsoids II and III. 
Equation (13) was tested by investigating three 
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specimens whose orientations lay at intermediate 
orientations between 2, and 2, in the trigonal 
plane, three distinct effective mass values being 
observable at each orientation. The specimens had 
a rather low value of wz so that only the first 
resistance maxima could in general be distinguished, 
Because of this limitation, the effective mass 
values have been calculated from the positions of 
the resistance maxima assuming somewhat 
arbitrarily that the phase shift of 7/2 observed 
at the 2, orientation was present in each case, and 
the values obtained in this way have been plotted 
in Fig. 5; the curve in the figure is a plot of equa- 
tion (13) using the values of the quantities given 
in equations (11) and (12). The experimental 
points clearly follow the trend of the curve quite 
well and an individual point may lie off the curve 
either because the assumed phase is not appro- 
priate or because the position of the resistance 
peak is displaced owing to the proximity of a 
resonance from one or more of the other groups 


of carriers. 


4. EVIDENCE FOR HOLES IN BISMUTH 

The two resistance peaks which occurred at the 
higher fields in Fig. 3 (2, orientation) cannot be 
accounted for by the three ellipsoid scheme for the 
conduction band alone, and it is therefore believed 
that they are hole resonances. Peaks corresponding 
to these also appeared in the resistance curves 
obtained for specimens of intermediate orienta- 
tions, and the fields at which they occurred are 
shown in Fig. 6. The lower field peak was found to 
diminish in height on moving away from the 2, 
orientation, and had almost vanished at an angle 
of 15° from 2,. On approaching the 2, orientation, 
the higher field resonance changed from being a 
peak as in Fig. 3 (at 680 G) to being an inflection 
in the curve as in Fig. 2 (at 710 G). The reason 
for this is that as the 2, orientation is approached, 
m; increases and the corresponding resonance 
moves to higher fields and eventually approaches 
the hole resonance. At the same time the electron 
resonance becomes dominant and at 2, almost 
obscures the hole resonance. From Fig. 6 it can 
be seen that the position of the higher field 
resonance varied by only about 10 per cent for 
orientations in the trigonal plane, and since the 
position of the resonance was found to differ by as 
much as 6 per cent for two specimens of the same 
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orientation, it seems likely that the effective mass 
associated with this peak is isotropic in the trigonal 
plane. The mass value itself can be estimated from 
the position of the peak, and by using equation (2) 
the ordinate scale in Fig. 6 has been converted 
from H to m*. 


degrees 


Fic. 6. Left-hand ordinate scale: positions of the 


resistance peaks interpreted as hole resonances. Right- 
hand ordinate scale: the corresponding effective mass 
values calculated from equation (2). Abscissa: angle 
between specimen axis and a diad axis of the crystal. 
(The specimen axes lie in the trigonal plane.) 


No clear-cut evidence for a hole resonance was 
orientation (see Fig. 


y 


found for specimens of the 3, 
4). However the departure of the resistance 
oscillations from periodicity in H~! and the dis- 
tortion of the curve from the simple expected 
form of Fig. 1 (the three electron masses are de- 
generate at this orientation) suggest that the 
holes resonate in the same magnetic field range 
as the electrons. Since the resistance at the first 
minimum does not in fact fall below the zero- 
field value, it seems probable that the first maxi- 
mum of the hole resonance would occur in this 
neighbourhood, and equation (2) then provides 
the rough estimate m* = 0-04 mg. This is in satis- 
factory agreement with the value 0-047 mp found 
by Branpt®) at this orientation from his de 
Haas—van Alphen measurements. 
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5. DISCUSSION OF THE BAND STRUCTURE OF 
BISMUTH 


(i) The electron band 

SHOENBERG’s work on the de Haas—van Alphen 
effect in bismuth) provides the following values 
with 5 per cent accuracy, 


4142 = 336, aa%3 = 16,800, «4 = 1680, 


eg = 2°83 x 10-4 erg. 


The present work provides values of x2x%3— Oa and 
%1%3, Our estimate of the latter (12) being in good 
agreement with SHOENBERG’s value. If the values 
of the two quantities (11) and (12) found here are 
adopted in conjunction with SHOENBERG’s values 
of xj%2 and «)%4 we finally arrive at the following 


set of «’s, 
8-6 
(14) 


a, = 196, ao = 1-71, ag = 84, a = 


Each of these values is believed to be accurate to 
10 per cent.} 


(ii) The hole band 

BRANDT) and BranpT ef al.) have recently 
found a new set of de Haas—van Alphen oscilla- 
tions in bismuth which they associate with the 
holes. ‘They deduce that the Fermi surface in the 
hole band is a spheroid of the form 


(15) 


2mo(e) —€9) 2 = By(k? + hk?) + Bake 


where €; is the band overlap and the components 
of k are measured from the point in k-space where 
the energy maximum in the hole band occurs, kg 
being parallel to the triad axis. The spheroid 
parameters have the values 


€ 


It has already been seen that BRANDT’s hole mass 
for the 3, orientation (given by f, !mpo) supports 
the explanation given for the form of the 3, 
curve (Fig. 4) in the resonance region. The result 


+ A crucial test of any given set of «’s is whether or 
not the products «;%; (7 = 2, 3, 4) agree with SHOEN- 
BERG’s values. Some sets of «’s which have appeared 
in the literature recently [see Table IV of Ref. (5)] can 
be shown to be somewhat inaccurate by subjecting them 
to this test. 
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(upper branch in Fig 6.) that one group of carriers, 
believed to be holes, has an effective mass which 
is isotropic in the trigonal plane and has the 
approximate value 0-15 mo is also in agreement 
with BRANpDT’s work, his value of m* in the tri- 
gonal plane being (§1£3)~!/2mo = 0°18 mo. 

The single-spheroid model of the hole band does 
not account for the intermediate-field resistance 
peak observed at some orientations in the trigonal 
plane (lower branch in Fig. 6). This may be in- 
dicative of a departure of the constant energy 
surfaces from a simple spheroidal shape or of the 
existence of a’further group of carriers. Also, the 
possibility that the peak is a spin resonance cannot 
be dismissed. 9) 

There is no indication in the present work that 
there are heavy holes with m* ~ mo in bismuth 
(c.f. GALT et al.8) and CHANDRASEKHAR"®)), The 
suggestion that such a band might exist was first 
made by HEINE!) to account for the rather large 
linear term found by some workers in the specific 
heat of bismuth.“2) The most recent specific heat 
measurements"!%) indicate that the linear term is 
not as large as was supposed, but it is still too large 
to be accounted for by the total density of states 
at the Fermi level calculated on the basis of the 
present model of the band structure. However, as 
the existence of heavy holes now seems doubtful, 
this discrepancy remains unexplained at present. 

Finally, the period of the de Haas—van Alphen 
oscillations which BRaANpT finds at the 3, orienta- 
tion [A(H~!) = 1-57 x 10-6 G~!] is in remarkably 
good agreement with periods previously found at 
this orientation in galvanomagnetic experiments 
(see Table I of the review article by KAHN and 
FREDERIKSE"!4) for a recent compilation of the 
values). This period has previously been ascribed 
to the electrons, but differs markedly from SHOEN- 
BERG’s de Haas—van Alphen period [A(H~!) = 
1-18 x 10-5G~1, quoted wrongly as 1-4 x 10-5 
in Ref. (14)], as remarked by BaBisKin“!); in view 
of BRANDT’s work it seems reasonable to believe 
that the galvanomagnetic oscillations were in fact 
not due to the electrons but to the holes. 


6. THE HIGH FIELD BEHAVIOUR OF THE 
SURFACE RESISTANCE 
In contrast to the theoretical prediction of 
equation (1), that the surface resistance should go 
to zero as H increases beyond the range where 
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the oscillations occur, it was found experimentally 
that R(H) passes through a minimum value and 
then begins to increase (Figs. 2, 3 and 4). The 
reason for the breakdown of equation (1) is the 
following. It is assumed in the theory that 5 < r, 
where 6 is the skin depth and r is the radius of the 
electron orbits in the metal. The orbit radius is 
given roughly by po/eH, where po is the Fermi 
momentum, and since this is unusually small in 
bismuth, the orbit radii are considerably smaller 
for a given value of the magnetic field than in a good 
metallic conductor. At the same time, 4 is unusually 
large owing to the small number of carriers present, 
thus the inequality 6 < r begins to break down at 
quite moderate field strengths. Thus if the typical 
values 6 = 10-4cm and po = 2 x 10°-*2 gm cm 


at H = 


sec’! are assumed, we find that 6 =r 
1250 G. 

When ail the electrons are able to spiral com- 
pletely within the skin depth and therefore move 
in an approximately uniform r.f. field between 
collisions, the classical relation 
1/2 

17) 


RU) = | ie 


should hold, where o(H) is the d.c. conductivity in 
the field H. The increase in R with H at the high 
field limit is then due to the familiar decrease in 
the d.c. conductivity as the magnetic field in- 
creases (see e.g. Kapitza '6)), The values of R(H) 
found experimentally in this region are indeed 
given quite closely by equation (17), though a 
precise test of the relation cannot easily be carried 
out owing to the difficulty of setting up a specimen 
reproducibly in the magnetic field for both r.f. 
and d.c. experiments; a difference in setting of as 
little as 1° can give spurious results because of 
the very large transverse magnetoresistance of 
bismuth. 

A factor which has not been taken into account 
yet in this discussion is the quantization of the 
orbits in the magnetic field. This should be un- 
important so long as hw, < kT, which for bismuth 
at 4°K requires that H be less than about 2000 G; 
when H increases beyond this value the effect 
of the quantization of the electron orbits should 
become apparent. The inset in Fig. 3 illustrates a 
set of oscillations in the surface resistance which 
are due to quantization and are periodic in H~ 
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with period 
A(H-1) = 4-3 


The d.c. resistance of the same specimen also 
showed pronounced oscillations with the period 


A(H-) 


and these are both in good agreement with one of 
the de Haas—van Alphen periods for the electrons 


at this orientation, namely 4:25 x 10-°G-1.@ 
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(CHAMBERS"®)) and 


5 


(=) 312nu? 33 
9 


(19) 


(REUTER and SONDHEIMER"®?),.* (More precisely, 
the mean value of &* for single crystal plane 
surfaces averaged over all orientations should be 
used in these expressions, PrpparD'2).) The ratio 
x,/= in Table 1 is a measure of how far the metal 
departs from the conditions of the classical skin 


Table | 


Orientation x (ohm~?) 0x10 


polycrystal 


The phases of the r.f. and d.c. oscillations were in 
agreement to + 0-27, and the relative amplitudes 
were also consistent with equation (17), the ampli- 
tude of the r.f. oscillations being about half that of 


the d.c. oscillations. 


7. SURFACE CONDUCTANCES IN ZERO FIELD 
Absolute values of the zero-field surface con- 
ductances (X = R-1) of single crystal specimens 
of the three principal orientations and of a poly- 
crystalline specimen, deduced according to the 
procedure outlined by Prpparp®?) are given in 
Table 1, 
the specimens at 4°K. Values of the total Fermi 
surface area, 5. and of the related parameter o l. 


together with the d.c. conductivities of 


where a is the d.c. conductivity and / is an average 
mean free path, can in principle be found from the 
value of the surface conductance of a polycrystal- 
line specimen in the anomalous skin effect limit 


using the relations 
333/2fw2D3 


e- 


> (ohm cm) 


effect, (6 > /), the ratio being unity under classical 
conditions and increasing in value as the metal 
becomes more anomalous; when the ratio exceeds 
2-2, the measured value of & is within 10 per cent 
of the limiting value. Clearly the polycrystalline 
specimen is still far from the anomalous limit, and 
this may be attributed to the short mean free path 
in the sample. (Its resistance ratio, p(290°K)/ 
p(4°K) was only 13-5, which is a typical value for a 
polycrystalline specimen of the material used and 
which is less by a factor of ten than for a good 


* These relations hold for specular reflection of the 
carriers at the surface of the metal. The suggestion that 
the scattering is specular in bismuth was first made by 
SmitTH®) and this view appears to have received con- 
firmation from the thin-conductor work of FRIEDMAN 
KOENIG"), who base the interpretation of their 
However, since the 


and 
results on the theory of Prict 
apparent resistivities measured by FRIEDMAN and KOENIG 
on etching the electropolished 


l 
remained unchanged 
specimen surfaces, there still appears to be some doubt 
as to whether the scattering at a polished surface is 
specular. For the case of diffuse scattering, the relations 
differ from the above by the absence of the numerical 
factor (8/9)® from the right-hand side of the equations. 
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single crystal specimen. The most probable cause 
of the low resistance ratios of polycrystalline speci- 
mens is the considerable amount of physical im- 
perfection in the individual crystallites caused on 
cooling a sample down to liquid helium tem- 
peratures by the anisotropic expansion coefficient 
and the ease with which the crystals cleave in the 
trigonal plane.) 

Since the surface conductance of the poly- 
crystalline specimen cannot be used in equations 
(18) and (19), a mean conductance must be esti- 
mated from the single crystal values. These them- 
selves are averages since the specimens were 
cylindrical, and it will be assumed that the arith- 
metic mean of the three single crystal values, 
¥ = 21-0 ohm-! is a sufficiently close estimate 
of (=3)1/3, We then find, 

S = 17-6 + 5-1x 108 cm 


a/l = 1-14 + 0-33 x 108(ohm cm?)"! 


(20) 
(21) 


So far we have neglected the fact that the 
measured values of & are about 10 per cent less 
than the limiting values, and we have also neglected 
the effect of relaxation. DinGLE®?) has introduced 
a parameter vy from which the importance of re- 
laxation effects can be estimated, and CHAMBERS 24) 
has given a series of curves essentially of 
against o!/2 for a series of values of v, which he 
expressed in the form 

v = 7-88r(m*/mo)?/2(a/1)-> 4. 


If the estimate (21) of o// and the mean electron 
mass m* = ()-(3 mo are used, then for v = 9 kMc 
sec we find y = 0-025. At this value of v, the 
effect of relaxation is to increase the observed = 
by about 9 per cent above the value which would 
otherwise be found. In other words, the effect of 
relaxation almost exactly compensates for the fact 
that the specimens were not at the anomalous 
limit, and we have therefore used the mean value 
& without correction to calculate S and a/l. The 
errors quoted in (20) and (21) allow for the com- 
pensation being inexact, as well as for the probable 
difference between ¥ and the true value of (=3)1/3, 

The value of o// found here differs from the 
value 2-74 x 10? found by Prpparp and 
CHAMBERS5) and the value 1-53 x 107 found by 
CHAMBERS 4) from a re-evaluation of the PrpPARD 
and CHAMBERs data. These figures were deduced 


IN BISMUTH—II 329 
from measurements of X(c) at three different 
temperatures and in the analysis it was implicitly 
assumed that o// was independent of temperature. 
In fact, however, the number of carriers, and 
therefore a//, increases rapidly with temperature, 2? 
and this invalidates such an analysis. 

It is of interest to compare the value of S found 
above with the total surface area of the electron 
ellipsoids and the hole spheroid. Each ellipsoid 
has an approximate surface area of 4-2 x 1018 cm~2 
and the spheroid has an area 5-6 x 1013 cm~?, 
making a total of 18-2 x 10!%cm-? which is in 
good agreement with the value (20). This confirms 
the theoretical work of Mase®6) and Harrison (2?) 
who find that the energy extrema occur at the 
boundaries of the Brillouin that the 
number of separate portions of the Fermi surface 
is not doubled by inversion symmetry. (See also 
Lax et al.8),.) This conclusion differs from that 
arrived at by SmitH®) from his anomalous skin 
effect measurements at 25-5kMc/sec. The 
systematically high surface conductance values 
found by SMITH made it necessary for him to 
assume that the reflection of the carriers at the 
metal surface is specular, as mentioned before, 


zone so 


and also that the Fermi surface consists of six 
electron ellipsoids and two hole spheroids whose 
total surface area is of the order 40 x 1013 cm-?., 
A more likely explanation of Smiru’s high values 
is to be found in the greater effect of relaxation 
at the higher frequency which he used, and a 
rough calculation indicates that most of the 
discrepancy can be removed by making a relaxation 
correction to SMITH’s conductance values. 

Two further points need mentioning. First, the 
assumption of diffuse scattering of the carriers at 
the metal surface increases our estimate of S to 
25-0 + 7:3 x 1043 cm~, but this is still not large 
enough to accommodate six ellipsoids and two 
spheroids. The theoretical estimate S = 
18:2 x 10!%cm-? falls within the error of this 
value as well as of the value (20) so that we are not 
able to make a decisive choice between specular 
and diffuse reflection from the present results. 
Secondly, poor surface finish may reduce the 
measured surface the true 
value, 2%) but the present results are unlikely to be 


conductance below 


significantly in error from this cause since the 


specimen surfaces were electropolished and were 
highly specular optically. 
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DIFFUSION OF THALLOUS IONS IN POTASSIUM 
BROMIDE, MEASURED BY THE SPECTROPHOTOMETRIC 
METHOD 
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Department of Inorganic and Analytical Chemistry, The Hebrew University, Jerusalem, Israel 


(Received 17 November 1960) 


Abstract—The diffusion of thallous ions in potassium bromide, in the impurity range of tempera- 
tures, was measured by the spectrophotometric method.) The energy of activation Q was found 
to be 23,500 cal/mole. The pre-exponential factor Do varied with the experimental conditions, the 
effect being attributed to variations in the “face boundary’’, as indicated by experiments carried 
out under a reduced atmospheric pressure. 

From experiments with pressed pellets it was deduced that the original equation (containing the 
factor 6? to account for the “face boundary’’) used in calculating the diffusion constants D needed 
correcting as follows: D = (F:/E,,)*/*/(10°3)?t. ‘This gives for the diffusion of thallous ions in 
potassium bromide: Dm+ = 0:23 exp (—23,500/RT) cm2/sec. 

Previous values of D and Do reported for the diffusion of thallous and lead ions in potassium 


chloride should similarly be divided by a factor of three. 


1, INTRODUCTION sulphate by the addition of hydrobromic acid to 

A previous article”) reported the first diffusion its solution. The precipitate was washed, dried at 
constants for foreign ions in alkali halides, which 120°C, and then further heated to 200°C. All 
had been measured spectrophotometrically. ‘The manipulations were carried out under protection 
present article gives information on the following from light. 
features of general interest, arising partly from the 
specific nature of the method: Technical 

The potassium bromide and thallous salt were 
mixed in the form of finely ground dry powders, 
and heated at constant temperatures to effect 
diffusion. At predetermined intervals, samples 
weighing about 200 mg were taken, from which 


1. The diffusion constant of thallous ion in 
potassium bromide at various temperatures in the 
impurity range, and comparison of the results 
with those obtained in potassium chloride. 

2. The effects caused by varying the anion of 
the impurity salt. 

3. The effect of reduced atmospheric pressure 
on the parameters of the diffusion. 

4. The effect of hydrostatic pressure applied 
to the mixture before the process of diffusion. 


clear and transparent disks were prepared by the 
application of a total pressure of 25,000 Ib. After 
measurement of the spectra and optical density 
at the maximum absorption wavelength, the disks 
were weighed and the optical density corrected, by 
simple proportion, to that of a standard 200 mg 
2. EXPERIMENTAL disk. All these manipulations, and the apparatus 

Materials used, were as described in the previous article.) 
Potassium bromide, thallous chloride, and certain 
other salts employed, were ‘Baker Analyzed” Maximum optical density 
reagents. The spectra of the doped disks exhibited two 
Thallous bromide was prepared) from the maxima, irrespective of the thallous salt used 


331 





GLASNER, A 


(bromide or chloride), at wavelengths 215 and 260 


my. The short wavelength band is superimposed 


on the “leg’’ of an unidentified and variable 


absorption band present in the “‘pure’’ potassium 
bromide disks; the ab- 
sorption was therefore used in these measurements. 


only long wavelength 
Che optical densities, obtained after prolonged 
heating of the powdered mixtures E,,, are indicated 


in Fig. 1. The E, values were also measured by 


260 mp, of KBr: TIBr and KBr:TICl 
points 


Fic. 1 Soc, at 


disks of various concentrations, indicates 


obtained with dry powders 


a ‘“‘wet’’ procedure; 700 mg portions of the dry 
potassium bromide powder were wetted by one 
ml of an aqueous solution of thallous bromide ot 
thallous chloride of such concentration as to give 
0-0025, 0-005 and 0-01 per cent solid mixtures by 
weight. After drying the powders with infrared 
light, they were reground, and the measured 
absorptions of the disks prepared from them were 
It may be seen that the points 
(the 


absorptions being probably due to the character- 


plotted in Fig. l. 


lie on a straight line divergence at high 


istics of the spectrophotometer). The E values 


thus obtained for the 0-01 per cent KBr:TIBr 
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and 


and KBr:TICl 1-215 1-445 


respectively, these values being inversely pro- 


mixtures were 


portional to the formula weights of the thallous 
halogenides, as they should be. 


Measurements following hydrostatic pressure 
Diffusion constants in mixtures, previously 
subjected to various hydrostatic pressures, were 
measured at a single temperature, namely 197°C. 
A few series of pellets were pressed (from the same 
batch of mixed powder) at nominal pressures 
ranging from 1000 to 25,000 lb. These pressures 
correspond, with the die employed, to 350 and 
8750 kg/cm?. A series was placed in the oven all 
at the same time, each pellet having been separ- 
ately wrapped in aluminium foil, in order to 
prevent any sublimation and diffusion from one 
pellet to another. The pellets were removed from 
the oven at intervals of 30 min to 10 hr, and again 
pressed at 25,000 lb, in order to obtain clear 
transparent disks ready for the spectral measure- 


ment. 


3. RESULTS 

(a) KBr: TIBr powders 

Two independent series of measurements were 
made with 0-01 per cent KBr:TIBr powders in 
the temperature range 141—207°C. A few E} (optical 
density at time f) vs. tf plots are shown in Fig. 2. 
They demonstrate the reproducibility of the 
spectrophotometrically measured diffusion and the 
extent of linearity of the curves at various tem- 
with the basic 


peratures, i.e. their conformity 


equation"): 


(L,/E~)71° 


36t 


(1) 


where / is the mean length of an edge of the 
cubical grains in the mixture (= 20 yin this work). 

The diffusion 
were calculated from the slopes of the initial 
linear part of the curves exemplified in Fig. 2, 
using equation (1). Also, the logarithms of these 


constants at each temperature 


slopes (log s) were plotted against the inverse of 
absolute temperature (see Fig. 3) in order to 
evaluate the activation energy Q. The results of the 
may be 


two parallel series of measurements 


summed up by the equation: 


Dy +(in KBr) = 0-69 exp (—23,500/RT) cm?/sec 





DIFFUSION OF THALLOUS 


IONS 
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Fic. 2. Some E; vs. time plots of the 
diffusion of thallous ions in potassium 
bromide. The curve for KBr:TICl 
powders is so marked. The different 
points on the same curve are of parallel 
experiments. 


























Fic. 3. Arrhenius plots for the 
diffusion of thallous ions in 
potassium bromide. Experimental 
conditions are indicated on the 


curves. 
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(b) KBr: TIC] powders 

Measurements were made at five constant tem- 
peratures in the range 141 205°C, with powders 
containing 0-01 per cent thallous chloride by 
weight. The absorption bands, as already stated, 
were situated at the 215 and 260 my wavelengths 
characteristic for the bromide medium. The ‘‘E? 
vs. time’? curves deviated from linearity at a 
rather low percentage of diffusion; i.e. equation 
(1) applies at the highest temperature (205°C) 
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pressure of 2mm Hg, in the temperature range 
142-207°C. In this series also the powders con- 
tained 0-01 per cent thallous bromide by weight. 
The E? vs. t curves at various temperatures are 
given in Fig. 4, and the Arrhenius plot of 
their slopes s in Fig. 3. The calculated diffusion 


equation is: 
Dy+(in KBr, 2 mm Hg) = 1-45 


x exp (— 23,600/RT) cm?/sec. 











hours 


Fic. 4. E; vs. time plots for KBr:T1Br powders under reduced 
pressure: 2mm Hg. For curves at 177 and 197°C use right 


hand scale on ordinate. 


only to less than 30 per cent of the total thallous 


chloride in the mixture, as against 60 per cent in 
the case of thallous bromide. 
Results are illustrated in the respective Figs. 2 
and 3, and may be summed up by the equation: 
Dyici(in KBr) = 91x10 
x exp (—22,850/RT) cm?/sec 
(c) KBr: TIBr powders under reduced pressure 


A series of diffusion measurements were made 
in partly evacuated vessels under a constant 


The activation energy Q agrees well with that 
obtained in the parallel experiments under at- 
mospheric pressure (~695 mm Hg), the pre- 
exponential factor Do, on the other hand, is higher 
by a factor of two. 


(d) KBr:T1Br pellets 

These experiments were made at a single tem- 
perature (197°C), by the techniques explained 
under Experimental. Some of the E? vs. t curves 
are shown in Fig. 5; they deviate very early from 
linearity. The logarithms of the slopes s against 
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Lj 


? 
J 





hours 
Fic. 5. E,; vs. time plots for KBr:T1Br pellets at 197°C. The 
pressures (in kg/cm?) applied on preparing the pellets are 
indicated on the curves. 


hydrostatic pressure in kg/cm? were plotted in From both Fig. 6 and Table 1 it may be seen 
Fig. 6, and in Table 1 the diffusion constants cal- that (a) on applying a pressure of 350 kg/cm?, the 
culated by equation (1) were recorded. For com- diffusion constant is reduced to about one-third 
parison some other D values obtained in this of its value in powders, (b) a further increase of 
work at 197°C are also given. pressure up to 3500 kg/cm? does not produce any 


Table 1. Diffusion constants D at 197°C, obtained with pellets prepared under various hydrostatic 
pressures, and with powders 














Pressure kg/cm? 700 | 3500 | | 7000 





Dx 1012 cm2/sec aa 2° 2 ° f | 1-30 











TICI 





Powders 





2mm Hg 








Dx102cm2%sec | 7: 55 | 15-6 
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appreciable change in the diffusion constants, 
(c) from 5250 kg/cm? and upwards there is another 
progressive reduction in the diffusion constants. 


4. DISCUSSION 
In order to confirm the reliability of the spectro- 
photometric method used in this work, it was 
considered advisable to make two parallel measure- 
the thallous bromide in 


ments of diffusion of 


potassium bromide through the whole range of 


temperatures. The reproducibility of the results 
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AQ = 0-4 kcal for the difference in the activation 
energies of the self diffusion of the potassium ion 
in the two alkali halides.) Considering that the 
width of the “‘strait’”” between two chloride ions, 
in the potassium chloride lattice at equilibrium, 
is (3-14,/(2)—3-62 = 0-82 A), larger than that 
between two bromide ions in potassium bromide 
(3:294/(2)—3-92 = 0-73 A), the somewhat lower 
i observed with potassium 


activation energies 
attributed to the greater 


bromide should be 


polarizability of the bromide ion. 














Kg 


G00C 


9000 


m < 


Fic. 6. Logarithms of relative diffusion rates (as expressed by the slope 
s) in pressed pellets against pressures applied. 


the calculated 


diffusion constants at each temperature differed 


was found to be satisfactory; 
by only a few per cent, and there is a good agree- 
ment in the activation energies (Fig. 3) and pre- 
exponential factors Do of the two series when 
evaluated separately. 

With respect to the activation energy, the same 
value was also obtained when the diffusion took 
place at a reduced pressure of 2mm Hg, as well 
as when thallous chloride was mixed with potassium 
bromide. The activation energy for the diffusion 
of thallous ions in potassium bromide is therefore 
23-5 (+ 0:25) kcal/mole, which is 1-7 kcal lower 
than the activation energy for the diffusion of the 
thallous ions in potassium chloride, reported in 
the previous article, This should be compared to 


The pre-exponential factor Dg with KBr:TICl 
powders was found to be only about 4th of that of 
the KBr:TIBr vowders. This discrepancy seems 
to be connected with the restricted applicability 
of equation (1), as demonstrated in Fig. 2; i.e. 
the early deviation of the slopes of the E? vs. t 
curves from linearity is also responsible for the 
comparatively low Do values obtained in this 
case. The phenomenon is probably caused by the 
formation of an intervening KCl layer between 
the potassium bromide lattice and the diffusing 
foreign salt. The obvious conclusion is, that for 
most reliable measurements 
should be made with mixtures containing the same 
anion. 


results diffusion 


In passing, it should, however, be mentioned, 
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without further comment, that Dp with KC1:TICI 
powders was found to be about ten times as large 
as with the KBr:T1Br powders. 

The reduction of atmospheric pressure to 2 mm 
Hg, during the process of diffusion, evoked a 
twofold increase of Do. This increase is nearly 
the same as that observed with KCI1:TICl 
powders) and with KCl:PbCle powders (not 
reported), and it is clearly due to an increase of 
the ‘‘face boundary”’ by a factor of /(2). 

The interpretation of the results with pressed 
pellets (Fig. 6 and Table 1) seems to be as follows. 
The application of a pressure of 350-700 kg/cm? 
on the potassium bromide powders is sufficient 
to eliminate practically all free space and air 
pockets between the grains, as indicated by 
LAURENT and BENARD’s measurements of the 
relative densities of the compressed powders and 
of the mono-crystal.4) Hence it may be inferred 
that in the compact pellet the “face boundary”’ 
for diffusion is only 1/1-72 of that in the powders, 
the ratio of Dpeiet/Dpowaer being the square of 
this value, namely 4. On increasing the hydro- 
static pressure up to 3500 kg/cm?, no further re- 
duction in D was observed (maximum density is 
attained, according to LAURENT and BENARD, at a 
pressure of 2700 kg/cm?). However, on increasing 
the pressure to 5250 kg/cm? there is a further 
decrease in D owing to the deformation of the 
lattice and the inactivation of the vacancies, as 
proposed in the previous article. 

If the above interpretation of the results with 
pressed pellets is correct, these experiments reveal 
the exact area of the ‘‘face boundary”’ around each 
single grain of thallous bromide in the powdered 
mixture, this being 1-72x6/?, instead of 6/? 
previously assumed. Hence, equation (1) should be 
written: 


(2) 


and all D and Do values with powders so far 
recorded should be divided by a factor of three. 
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The above conclusion may be subjected to 
further tests. For example, some of the measure- 
ments contemplated are: (a) the influence of 
reduced atmospheric pressure on the diffusion 


constant in pellets prepared under a pressure of 
350-700 kg/cm? (no effect, or only a small one, is 
expected), and (b) the activation energy of diffusion 
Q in the same pellets (Q should be equal to the 
value obtained with powders, but not to that 
obtained with disks subjected to high pressures). 
Finally, a few comparative remarks on LAURENT 
and BENARD’s work“) on self diffusion in poly- 
crystalline alkali halide pellets, in the intrinsic 
range, seem to be called for. These authors found 
that, although the activation energy Q remained 
constant, the Do values of several halogen ions 
(and of caesium) increased inversely with the 
mean diameter of the crystal grains in the pellets. 
They interpreted their results by diffusion along 
the surface of the grains, ahead of the bulk 
diffusion, and proved its existence by autoradio- 
graphic exposures. This is in harmony with our 
results, which show that pressures greater than 
about 5000 kg/cm? applied to the pellets restrict 
the bulk diffusion, whereby the otherwise slower 
surface diffusion becomes evident. LAURENT and 
BENARD’s experiments also indicate that, at least 
with respect to the anion vacancies, the strain 
produced in the polycrystalline pellets by pressure 
is not relieved by heat treatment even at the 
higher temperatures of the intrinsic range. 
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Abstract 


-Activities of NiO in NiO-MgO and NiO—Mn0O solid solutions have been measured by 


equilibrating oxide samples with pure metallic Niin atmospheres of known oxygen partial pressures. 
The system NiO-Mg0O is ideal, within limits of experimental error, whereas the system NiO-MnO 
shows considerable positive deviation from ideality in the temperature interval studied in the present 


investigation, 1100-1300°C. 


I. INTRODUCTION 
MANY activity measurements of components in 
liquid oxides have been reported, as demonstrated 
by the voluminous literature in the field of slag 
chemistry. In constrast, very little is known about 
the thermodynamic behavior of components in 
oxide solid solutions. 

The present paper deals with activity measure- 
ments in two such solutions, NiO-MgO and 
NiO—MnO, both with sodium chloride structure. 
Complete solubility has been shown to exist be- 
tween NiO and MgO at 900°C," whereas the 
NiO-MnO exhibits only partial solid 
be shown in the 


system 
solubility at 350°C.@) It 
present investigation that the latter system ex- 


will 


hibits complete solid solubility above 1100°C. 


Consider the reaction 


2Nif solid solution 2 Nimetal + ( Jogas 


in which NiO dissolved in another oxide dissociates 
to metal and gas. The activity of NiO in the solid 
solution, relative to pure NiO as a standard state, 


is then expressed as 


Poo ) ; 
Po." 


“NiO 


* Contribution No. 59-110 from the Department of 
Metallurgy, College of Mineral Industries, The Penn- 
State University Park, Penn- 


sylvanian University, 


sylvania. 


Here Po, and Po,* are the partial pressures of 
oxygen of the gas phase in equilibrium with 
metallic iron and the oxide solid solution or the 
pure NiO, respectively. The equation holds only 
if the metal phase is essentially pure Ni. The oxide 
combinations used in the present investigation 
were chosen with this consideration in mind. 
Both MgO and MnO are so much more stable than 
NiO that for all practical purposes ay; = 1 in the 
metal phase present in all mixtures used in this 
investigation. 


II. EXPERIMENTAL METHOD 
1. General procedure 

The experimental method used was analogous 
to that developed by Foster and WetcH®). It 
consisted of four steps: 

(a) Determination of Ky for the reduction of 
NiO to Ni. 

(6) Determination of d-spacing change with 
composition in oxide solid solutions. 

(c) Equilibration of various members of the solid 
solution series with a metal phase and gas phase 
of known Oz partial pressure. 

(d) Determination of compositions of solid 
solutions resulting from step (c) by means of data 


obtained in step (0). 


2. Starting materials 
“Baker Analyzed”’ reagent grade NiO was the 
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source of nickelous oxide used in the present in- 
vestigation. Its reported analysis was as follows: 
NiO, 99-5 per cent; nitrogen compounds (as N), 
0-003 per cent; chloride, 0-003 per cent; sulfate, 
0-005 per cent; lead, 0-001 per cent; copper, 
0-005 per cent; cobalt, 0-005 per cent; iron, 
0-004 per cent; zinc, 0-005 per cent, alkalies and 
earths (as SOq), 0-13 per cent. The reagent was 
heated in a drying oven at approximately 100°C 
prior to its use as a constituent in mixtures for 
the samples. 

The source of magnesium oxide was ‘‘Baker 
Analyzed” reagent grade MgO of reported analysis 
as follows: insoluble in HCl, 0-020 per cent; 
soluble in water, 0-020 per cent; loss on ignition, 
0-62 per cent; silica, 0-010 per cent; ammonium 
hydroxide precipitate, 0-020 per cent; chloride, 
0-005 per cent; nitrate, 0-005 per cent; sulfate and 
sulfite (as SO4), 0-005 per cent; barium, 0-002 per 
cent; calcium, 0-030 per cent; heavy metals as lead, 
0-002 per cent; iron, 0-003 per cent. The MgO 
was prepared for use by igniting it at 1200°C for 
24 hr, cooling over PgOs and immediate weighing. 

Manganous oxide was prepared from ‘‘Baker 
Analyzed”’ reagent grade MnOz of reported analy- 
sis as follows: MnOzg, 100-0 per cent; insoluble 
in HCl, 0-015 per cent; chloride, 0-002 per cent; 
nitrate, 0-025 per cent; sulfate, 0-025 per cent; 
iron, 0-03 per cent; earths and alkalies (as SOx), 
0-10 per cent. The MnOz was first heated at 1100°C 
in air for 24 hr to produce MngQq. The resulting 
MngQq4 was then heated in commercial tank He 
for two hours at 1100°C to produce manganous 
oxide of composition MnQ}.005, as determined by 
the method described below. (It is to be noted that 
the partial pressure of oxygen in the Hg used in 
this investigation was high enough to prevent 
reduction of manganese oxide to metallic man- 
ganese.) Reduction of MnQgz in two steps was em- 
ployed in order to avoid the “‘spattering”’ produced 
by the violent decomposition of MnQOz directly to 
manganous oxide at high temperatures. 

The manganous oxide was analyzed by 
methods developed during the course of a pre- 
vious investigation in this laboratory.) The 
sample, weighing approximately 0-1 g, was 
placed along with approximately 0-75 g of 
Fe(NH4)2(SO4)2. 6H2O in 25 ml of distilled water 
and 10 ml of 1:4 HeSO4; 3 ml of 49 per cent 


HF was added. The solution was boiled for 10 min 
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to dissolve all the sample. Upon cooling to room 
temperature, 25 ml of distilled water and 15 ml of 
2 per cent H3BOs3 were added and the solution was 
titrated with 0:05 N KMnQ,. 

The nickel used was premium grade powder of 
representative analysis as follows: nickel, 99-9 
per cent min.; carbon, 0-20 per cent max.; sulfur, 
0-001 per cent max.; iron, 0-03 per cent max.; 
others, 0-01 per cent max. 


3. Control of atmosphere 
The method used for 
pressures was similar to that used by DARKEN and 
Gurry®) and later by Muan). The atmospheres 
were obtained by mixing COzg and Hg at room 
temperature; the partial pressures of oxygen at 
the temperatures of the experiments were then 
calculated from the data compiled by CouGHLIN™?. 
The gases used were of reported compositions 
99-98 per cent COz and 99-5 per cent He. The rate 
of flow of each of the two gases was measured 
separately by means of two capillary flow meters 


controlling oxygen 


with bleeder tubes inserted on both ends of the 
capillaries to maintain a constant pressure drop. 
A series of mutually interchangeable capillaries of 
different openings was at hand so that a wide range 
of mixing ratios could be obtained with manometer 
readings of convenient magnitude. A third mano- 
meter was inserted in the line to measure the rate 
of flow of gas through the furnace tube. The flow 
meters were calibrated individually with the 
various capillaries, using a standard wet test meter. 


4. Furnaces and temperature control 

A vertical tube furnace with an 80 per cent 
Pt-20 per cent Rh resistance winding was used in 
this investigation. The furnace was equipped with 
ground glass joints fused to the top and bottom 
of the mullite furnace tube. The upper ground 
glass attachment was drawn out to a long, re- 
latively narrow tube to prevent air from diffusing 
into the furnace tube. The gas from the mixer 
passed through the furnace tube from bottom totop. 

Furnace temperatures were regulated by means 
of a Celectray controller. ‘The thermal gradient at 
the hot spot did not exceed 2°C over one inch at 


1400°C. 


5. Method of equilibration 


Equilibrium was approached from both sides 
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in all runs carried out in the present investigation. 


In the case of the Ni—O system, one sample of 


metallic Ni and one sample of NiO were kept side 
by side in the furnace at chosen temperature and 
3-5 hr. After 


quenching the samples rapidly to room tempera- 


chosen oxygen partial pressure for 


ture, the phases present were determined by visual 
examination, supplemented in preliminary ex- 
periments by X-ray examination. 


log Po- 


Fic. 1. 


scale in atmospheres) and temperature (inverse 
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Contamination of samples by crucible materials 
was avoided by pressing powders into discs which 
were then drilled to permit their suspension in the 
furnace from wires of pure nickel. The discs 
weighed approximately 0:2 gm; they were 1-0 cm 
in diameter and approximately 1 mm thick. The 
oxide samples were pressed at 25,000 p.s.1. and the 
pure metal samples at 6000 p.s.i. 

That the method described above did in fact 


 asReNaCaNDE 


1S) 
° 
WwW 
or 
pow) 
bo 
= 4 
or 
= 
lw 
bt 


Stabilities of the phases Ni and NiO as a function of oxygen partial pressure (log 


K scale). Solid and open circles represent 


observed stable occurrences of Ni and NiO, respectively. The solid line is drawn to fit the 
experimental data by the method of least squares. The dashed line is drawn to represent 
the same equilibrium based on data tabulated by CouGHLIN ”). 


In the case of oxide solid solutions, one sample 
with NiO content above the equilibrium value and 
one sample with metallic nickel and oxide of NiO 
content below the equilibrium value were equili- 
brated side by side at chosen temperature and 
oxygen partial pressure for approximately 22 hr. 
It was found important to use starting oxide 
materials whose NiO contents were reasonably close 
to those at equilibrium, in order to avoid the pres- 
ence of large quantities of metal phase which had a 


tendency to impair attainment of equilibrium. 


eliminate contamination was shown by the follow- 
ing observations. Samples of mixtures containing 
NiO, when run under conditions such that no 
metal phase was produced, exhibited the same 
d-spacing whether suspended from a nickel or a 
platinum wire and in atmospheres which were 
very reducing or slightly oxidizing with respect 
to the Ni-NiO equilibrium. 

The samples used to establish variations of d- 
spacing with compositions in the oxide solutions 
were run in the furnace in much the same manner 
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as described above. However, in these cases it was 
necessary to prevent the formation of a metal phase 
in order that the final composition would be the 
same as initially. In view of the above observation 
of negligible variation of d-spacing within a range 
of oxygen partial pressure, it was possible to pre- 
pare all of these samples in atmospheres which 
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General Electric XRD-3 diffractometer unit with 
scanning speed of 0-2° per minute and unfiltered 
iron radiation was used in these experiments. 
Metallic Ni served as an internal standard, based 
on the unit cell dimensions reported by SwANsoN 
and co-workers. ®) 

The (200)-reflections of the oxide solid solutions 
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Fic. 2. Changes in d-spacing with composition in the systems 
NiO-MgO and NiO-MnO. Dots represent experimentally de- 
termined values, and straight lines connect points for d-spacings 
of the pure end numbers. 


were slightly oxidizing with respect to the Ni-NiO 
equilibrium. 


6. X-ray analysis 

Compositions of oxide solid solutions were 
determined by accurate d-spacing (200) measure- 
ments and comparison with known standards. A 


of interest in the present study occur at a value of 
20 in the neighborhood of 50° when iron radiation 
is used. This reflection was chosen rather than a 
higher angle reflection because the lower intensities 
and broadness of the latter reflections introduced 
difficulties in the determination of their position 
which more than vitiated the attendant advantages. 
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Fic. 3. Activity of NiO as a function of composition in the system 
NiO-MgO at 1100 and 1300°C. Symbols used are explained in upper left 
corner of diagram. 


Table 1. Critical runs for determination of the equilibrium 2NiO = 2Ni+ Oe 


Temperature, 1/T x 104, Duration of run, Observed 
Cc ~* — log Po, hr stable phase 


5 
> 
3 
3 
4 
5 
4 
4 


Ss . 


1400 
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Fic. 4. Activity of NiO as a function of composition in the system 
NiO-MnO at 1100, 1200 and 1300°C. The symbols used are explained 
in upper left corner of diagram. 


Table 2. d(200) as a function of composition in the systems NiO-MgO and NiO-MnO 
as measured on samples heated at 1300°C for 22 hr in an atmosphere with 
Po, = 10~6-650 aim. and quenched to room temperature 


The system The system 
NiO-—MgO NiO—MnO 


d(200), d(200), 


~ 


Nwnio 2 A Nwyio 


-1045 0-000 
‘1038 0-100 
‘1027 -200 
‘0999 301 
‘0977 ‘400 
‘0960 504 
‘0942 ‘600 
‘0932 ‘700 
‘0907 “800 
‘0907 ‘900 
‘O886 1-000 


0-000 
0-099 
0-195 
0-301 

0-399 
0-499 
0-604 
0-691 

0°824 
0-868 
1-000 


Mab Bb RW WDD fh Be 
MM NN NM NH KH KN lL blo to 


MMMM nnNno | 


‘0886 


MM NNN NM NH HN bo blo tO 
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Table 3. Activity measurements in the system NiO-MgO 


End of run 
Nyio in - —— - - - Nyio of Calculated 
starting d(200), solution, activity 
mixture e A end of run of NiO 


1100°C 


10-297 ; +°8 2-1020 
301 2-1013 


9-625 399* 54- 2:0977 
-499 54-97 2-0970 


-604* 5° ‘0942 
‘691 55- “0935 


‘824* 55- -0907 
‘$68 55° ‘0900 


1300°C 


‘000* 7% -1041 . 0-06 
‘099 . ‘1038 


-195* 54-8) -1006 . 0-26 
301 54-8! -1006 


-399* 7 } ‘0970 
499 54: 0967 


604* 55° (939 
)-691 55-08 ‘0935 
-824* 55-1: ‘0911 


Peléte) ~} b ‘O907 
* Metallic nickel added to starting mixture 


The 26 values were measured with an accuracy of | Ni and NiO are expressed by the equation 
approximately + 0-01°, corresponding to an 
accuracy in d-spacing of + 0-0004 A. log Po, = 9-043—24,730[1/T] 
Ill. RESULTS AND DISCUSSION and the standard heat of reaction, AH®, as deter- 
The equilibrium mined (by method of least squares) from the slope 
2NiO = 2Ni+Oo of the curve in Fig. L, is 113,140 4 2300 cal. This 
; agrees adequately with the value of 112,520 + 
was investigated in the temperature interval 1100 650 cal as tabulated by CouGHiLin? for the same 
to 1400°C and at oxygen partial pressures ranging temperature interval. 
from 10-8-92 to 10-58 atm. Data obtained in Changes in d-spacing with composition for the 
critical runs appear in Table 1 and are shown (200)-reflection in the systems NiO-MgO and 
graphically in Fig. 1. Conditions for coexistence of | NiO-MnO are shown in Table 2 and Fig. 2. 
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Fic. 5. Excess partial molal free energy of NiO dissolved in MnO 
at 1100, 1200 and 1300°C. Symbols used are explained in upper 
left corner of diagram. 


Results of activity measurements are sum- 
marized in Tables 3 and 4 and shown graphically 
in Figs, 3 and 4. 

The activity values listed in these tables have 
estimated accuracies increasing from approximately 
+ 0-02 at the highest NiO contents to approxi- 
mately + 0-01 at the lowest NiO contents of the 
oxide solid solutions. 

Compositions (Nyjo) of solid solution crystals 
in the NiO-MgO series are accurate to approxi- 
mately + 0-03. This relatively wide limit is im- 
posed by the flatness of the d-spacing vs. com- 
position curve (Fig. 2). In the NiO—MnO system 
the d-spacing vs. composition curve is much 


} 


steeper, and compositions (Nyio) can be deter- 


mined to approximately + 0-003. The limiting 
factor in this solid solution series in most instances 
is the degree of attainment of equilibrium. ‘This is 
shown (Table 4) by the spread in Nyjio values ob- 
approaching the equilibrium from 
It is seen that the over-all 


tained by 
different directions. 
accuracy of Nyio in the system NiO—Mn0O varies 
in the range from approximately + 0-003 to 

0-035. 

Excess partial molal free energy of NiO dissolved 
in MnO at 1100, 1200 and 1300°C is shown as a 
function of (1—Nyjo)? in Fig. 5 (for a discussion 
of the significance of this function, the reader 
is referred to the book by DaRKEN and Gurry®?). 

It is concluded from the data presented in the 
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100°C 


End of run 
Nyio in —_—_— Nyio of | Calculated 
starting d(200) solution, activity 
mixture wi A end of run | of NiO 


10-996 0-000* 51-78 -2169 0:045 0-10 
0-100 . -2166 0-047 


)-297 -100* 52- -2081 112 
-200 52: -2078 ‘114 


100* 52: -2034 
)-200 52-1 -2018 


200* 52-4! *1893 
301 52: -1893 
301" 52° 3 -1836 
-400 


301* 
‘400 


400* 


504 


504* 
600 


600* 5: , ‘601 
700 . , 7 ‘608 


*700* 54- ‘1. 668 
‘S00 54- ‘1: 630 


-800* 54-5: 11: 808 
‘900 54- -107 ‘$53 


1200°C 


“0007 51°8 . -052 
‘100 ‘82 . K ‘056 


-100* 52:1: 20: ‘148 
-200 1: 205 148 


-200* 52: -1893 
301 52° 2-1890 


-301* 52°33 ‘1740 
-400 52: -1724 


-400* 53: -1611 
504 53-25 -1600 


* Metallic nickel added to starting mixture. 
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Table 4 (Contd.) 





1200°C 





End of run 
Nyio in TO -- Nyio of Calculated 
—logPo, | starting a(200), solution, activity 
| mixture te A end of run of NiO 


: | sar 
8-143 | 0-504* Ak Bee 1499 0-540 0-63 
0-600 K be 2-1497 0-542 


8-055 0:600* 53: 1407 0-608 
‘700 53°8 21388 0-620 


-700* 54-15 -1268 
‘800 54:3 271210 


0-800* 54°5 -1134 0-807 
-900 54:7 1056 0-868 





1300°C 


-000* 51°8 -2158 0-050 
-100 51:8: -2149 0-057 


‘000* 51-9: 2:2110 0-088 
‘100 51°95 -2102 0-094 


-200* 54° -2018 0-159 
301 A? 2:2008 0-167 


-200* 52°31 1961 0-200 
“301 52°33 1953 0-205 


-200* 52°43 1914 0-236 
-301 52: -1909 0-240 


-301* 32°15 1790 0°327 
-400 52°8 ‘1763 0-347 


-400* 2 1709 0°388 
-504 52°97 ‘1706 0-390 


-400* 53: ‘1623 0-449 
-504 53- -1611 0-457 


-504* 53-5: -1496 0-542 
“600 53-5: -1496 0-542 


-600* 53°73 1421 0-600 
-700 } 53°8 2°1395 0°616 


-700* 34° 1282 0-700 
“800 ‘ 124 0-724 


-800* 54:5 , 0-815 
-900 54°55 . 0-817 





* Metallic nickel added to starting mixture. 
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tables and diagrams that the system NiO-MgO 
behaves ideally, whereas the system NiO-MnO 
shows considerable positive deviation from linear 
relationship. The latter system approaches the 
behavior of a regular solution, as the excess 
partial molal free energy is approximately pro- 


portional to (1 — Nyio)* and is very little dependent 


on temperature. 
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BOOK REVIEWS 


D. Curie: Luminescence Cristalline. Dunod, Paris, 
1960. 209 pp. 


A DECADE ago the textbooks on luminescence by 
Kroger, Garlick, Adirowitsch, Pringsheim and 
Leverenz were all published within the span of a 
few years. Since then there have been and continue 
to be advances in the fundamental understanding 
of solid-state luminescence in both ionic and 
semiconducting phosphors. Although this work 
has been summarized in review articles and in 
reports of symposia, this pocket sized French 
monograph by Professor CurIE is the first textbook 
to take advantage of the increased understanding 
of luminescence in crystals achieved during the 
past decade. 

This book is based on a series of lectures on the 
luminescence of crystals given by the author at the 
Faculté des Sciences de Paris. Although the 
author and his colleagues at the Laboratoire de 
Luminescence are best known for their research 
on electroluminescence, this text is almost 
exclusively confined to photoluminescence. ‘The 
approach is largely theoretical. 

After carefully defining the terms used in the 
field of luminescence, the author reviews radiation 
theory deriving the transition probabilities for the 
absorption and emission of electromagnetic radia- 
tion by atomic systems. He then treats in consider- 
able detail ‘quasi atomic’’ impurity systems, such 
as Tl+ in KC1:T1, with the aid of the configuration 
coordinate model. The experimental determination 
and use of this model for more complex phosphors 
such as tungstates, willemite and the halophos- 
phates are also considered. Photoconducting 
phosphors are introduced by a brief theoretical 
treatment of band to band transitions and by a 
brief discussion of the band structure of Ge and 
InSb. Recombination radiation in Si, edge 
emission in ZnS and CdS, and exciton spectra 
are then considered. The phosphorescent sulfides, 
for example, ZnS activated with Cu, are discussed 
in considerable detail. Their preparation, intrinsic 
optical properties, and the relative ionic and 
covalent character of the bonding are reviewed. 
The various types of luminescent centers and the 
equally varied theories of the energy levels in- 
volved in the excitation and emission of this class 
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of phosphors are discussed with reasonable 
impartiality. Finally, the 
trapping states and the role of traps in phosphor- 


escent, thermoluminescent and optical stimulation 


possible nature of 


phenomena is reviewed experimentally and ana- 
lyzed theoretically. Among the theoretical aspects 
which are not included are the thermodynamic 
limitations of solid-state luminescence and the 
application of crystal field theory to transition and 


rare earth metal luminescent centers. 

The text is not without speculations and errors. 
For example, the author attributes the depths of 
traps in ZnS to hydrogen molecule-like states 
whereas the depths probably arise from the large 


central cell correction for the coactivators or 
donors in this material. The errors are, however, 
surprisingly few considering the complexity of the 
field of luminescence. 

This book is recommended to those interested 
in the luminescence of inorganic crystals. Because 
of the prevalence of equations and figures and 
because of the simplicity of presentation, only a 
limited knowledge of French is needed in order 
for solid state chemists and physicists to profitably 
study this compact monograph. 


WILLIAMS 





G. S. CHRISTIANSEN and PauL H. Garrett: Structure 
and Change, an Introduction to the Science of 
Matter. W. H. Freeman, San Francisco and London, 
1960. xv + 608 pp., 63s. 


““NEITHER Physics nor Chemistry has meaning 
. the great theories of 
. and 


independent of the other . . 
one are the great theories of the other, 
even the practitioners of the two sciences are 
mostly interchangeable.’ While may take 
issue with the last part of this statement from 
Structure and Change, it is by and large true, and 
CHRISTIANSEN and Garrett have clearly shown 
the great interdependence of the two sciences in 
their introductory text. They have combined 
most of the information usually presented in 
freshman courses of physics and inorganic 
chemistry together with a seasoning of astronomy, 
physical geography and history to make a most 


one 
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readable book. It is complete enough to be used 
as a text for students planning to major either in 
physics or chemistry, although its broad approach 
will probably lead more often to its being used for 


a physical science survey course. 

The first of the three major sections starts with 
a description of the apparent movements of the 
planets and of the difficulties encountered by 
Ptolemy in devising a model that would permit 
the positions and movements to be satisfactorily 
calculated. The Copernican heliocentric system 
enabled the positions to be calculated with greater 
ease, but with no greater accuracy because circular 
orbits were used. The observation of the phases 
of Venus by Galileo, however, provided the con- 
vincing evidence that the Copernican model was 
correct. This introduction is to lead the 
student into a discussion of force, motion, and 


used 


mechanics. 

The general approach is strongly reminiscent 
of that recommended in 1946 by J. B. CONANT in 
his small book On Understanding Science. It differs 
from the Harvard Case Histories of Science, how- 
ever, in that it is a complete course in chemistry 
and physics, and there is little quotation of original 
papers. This historical approach is used through- 
out, so that some feeling for CONANT’s Tactics and 
Strategy of science is developed. 

The first section continues with a more or less 
standard attack on atomic theory, the periodic 
table, the gas laws, etc., but concludes with an 
extensive description of the earth, the atmosphere, 
and weather. The second major section includes 
fundamentals of and magnetism, 
valence, electrochemistry, and some most ele- 
mentary thermodynamics. The final 


section is concerned with light, the concepts of 


electricity 
chemical 


modern physics, and the usual discussions of 
atomic structure and nuclear energy. 

In spite of the novelty of the presentation, the 
scope of the chemistry and physics is rather 
standard for a freshman text. For a book whose 
central theme is “‘the science of matter’’ it is dis- 
appointing to find that the properties of solids are 
almost completely neglected. No reference is 
made to problems of mechanical strength, semi- 
conduction or any aspect of solid state reactions. 
Only about three pages are devoted to crystal 
structure. Magnetism is discussed at some length, 


but purely phenomenologically. Metallurgy is 


represented as being concerned only with the re- 
duction of metals from their ores. 

Except for this major oversight, the book is 
refreshing and scholarly. It is attractively printed, 
profusely illustrated with excellent drawings and 
well bound. 


J. E. BurKE 





M. J. Buercer: Crystal-Structure Analysis. John 
Wiley, New York, 1960. 668 pp. $18.50. 


It Is a novel experience for me to review a single- 
volume textbook that sells for $18.50, and I 
approach the task with some trepidation. 

Technically, Crystal-Structure Analysis is 
superb. The type is large and, in my reading, I 
found no typographical error. The illustrations 
are numerous and clear; in a photograph on p. 109, 
for example, we can see—reduced by a factor of 
about 2—not only a crystal of diameter I estimate 
at 0-8 mm., but also the glass capillary on which 
it is mounted and which is probably not thicker 
than 0-2 mm. (Only on pp. 486-7, where are pre- 
sented photographs of Patterson—Tunnell Fourier 
summation strips, is the quality of the illustrations 
poor—and here it is very poor.) The tables are well 
planned and clearly presented; the binding is 
attractive and seems to be sturdy. The publishers 
are certainly to be congratulated on the con- 
struction. 

Although I have some complaints, in genera) I 
applaud Professor BUERGER’s latest effort and feel 
that it is a welcome addition to the pitifully small 
library of crystallographic texts. In the Preface he 
says that he hopes the book “‘will serve as an intro- 
duction to the subject of crystal-structure analy- 
sis”; and with this in mind he has obviously made 
an effort to present the simple aspects of the 
subject and to develop these aspects from the 
simplest of concepts. I thoroughly approve of 
such a philosophy; however, there are a number 
of instances where it is over-done. I shall come to 
them later. 

The first 240 pages of Crystal-Structure Analysis 
deal with the fundamentals of diffraction and the 
collection of X-ray diffraction data; the discussion 
is simple but thorough, and should be of great 
value to a beginning crystallographer. The next 
100 pages cover methods of determining simple 
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structures—and many of my complaints are 
centered in this portion of the book, which I find 
too detailed and somewhat trivial. Fourier series 


and reciprocal space are discussed for the next 


150 pages, again in rather exhausting detail. 


Eighty pages are devoted to special methods of 


phase determination, such as heavy-atom tech- 
niques and direct methods. Refinement procedures 
are allocated only 40 pages, and the final five pages 
are devoted to the calculation of interatomic 
distances and angles from the derived coordinates. 
Thus, the sequence is roughly that normally 
encountered in a crystal-structure determination. 

Most of the aspects of X-ray crystallography 
are discussed in great detail, but a few receive 
only passing notice. The determination of unit- 
cell parameters is not discussed at all, and although 
this topic received full coverage in the author’s 
earlier work, X-ray Crystallography, many ad- 
vances have been made in the intervening eighteen 
years. Disordered structures are not discussed, and 
anisotropic temperature factors are only briefly 
mentioned. For a discussion of Patterson methods, 
the reader is referred to another earlier work, 
Vector Space. It is this reviewer’s opinion that it 
would have been better to have included these 
topics while condensing much of the remaining 
presentation. 

My major objection to Crystal-Structure 
Analysis, though, is that much of the discussion 
is so detailed as to be almost painful. As one 
example, on p. 243 a method for computing the 
number of molecules in the unit cell, given the 
lattice constants, the density, and the molecular 
weight, is presented. Along the way the constant 
1-660 x 10-°4 is introduced in order to convert 
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from atomic weight units to grams. ‘The derivation 
of this constant is given in a footnote. It consists 
of multiplying the atomic weight of oxygen, 16, 
by 2 to obtain the molecular weight of an oxygen 
molecule, dividing by Avogadro’s number, and 
multiplying by 1/2 to obtain the mass of an 
oxygen atom, 2-6565 x 10-*8 grams; this, in turn, 
is divided by 16 to yield the desired constant 
which, of course, is nothing but the reciprocal of 
Avogadro’s number. 

Although this example is a flagrant one, it is not 
atypical. Also on p. 243 we find the equation 
G = NM/V, followed on p. 244 by N GV/M 
NM = GV. On pp. 235-236, y = Ax is 
y/x. Almost all of 


and 
followed immediately by A = | 
p. 254 is spent in a tabulation of the twenty-four 
ways (many of which, as the author points out, 
are duplicates) in which two iron atoms and four 
sulfur atoms can be distributed among two four- 
fold positions (called ‘‘equipoints’’) and four two- 
fold positions. On p. 205, it takes two intermediate 
log I9+log / pt” 
Further 


equations to go from 
to “I = Ipexp(—pt)”. 
numerous. 

But I do not wish to be too harsh, as I believe 
that much of the 
valuable because of its thoroughness. The biblio- 


examples are 


presentation is particularly 


graphy is extensive, and I would rate Crystal- 
Structure Analysis as an excellent reference book. 
I would hesitate to recommend it as a textbook, 
however, not only because of its high cost but be- 
cause I feel that, by presenting so much detail of a 
trivial nature, it talks down to the reader. I do not 
believe today’s student wishes to be talked down 
to, or should be. 

RICHARD E, MARSH 
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The first line of the following figure captions should read as 


follows: 


Fic. 2. Photograph of crystal end x 34. 
Fic. 3. Photograph of crystal end x 34. 


Fic. 4. Photograph of crystal end of R15 x 34. 
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